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LEGAL NOTICE 

This report w a s  prepared a s  an account of Government sponsored 
work. 
Administration, nor any person acting on behalf of NASA: 

Neither the United State@, nor the National Aeronautics and Space 

A.  Makes any warranty or representation, expressed o r  implied, 
with respect to the accuracy, completeness, o r  usefulness of the information 
contained in this report, o r  that the use of any information, apparatus, 
method, o r  process disclosed in this report may not infringe privately owned 
rights; or 

B. Assumes any liabilities with respect to the use of, o r  for damages 
resulting from the use of any information, apparatus, method o r  process 
disclosed in this report .  

person acting on behalf of NASA" includes any 
employee o r  contractor of NASA, o r  employee of such contractor, to the 
extent that such employee o r  contractor of NASA, or employee of such con- 
t ractor  prepares, disseminates, o r  p rwides  access  tp, any inforrpation 
pursuant to this employment Qr contract with NASA, o r  his employwent with 
such contractor. 

I t  A s  used in the above, 
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FOREWORD 

The analysis and computer program described herein w a s  prepared 
under Contract Number NAS5-9167 for the National Aeronautics and Space 
Administration, Goddard Space Flight Center. 
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Solar thermoelectric energy conversion panels may be constructed 
f rom modules, each of which consists of an  absorber, a thermoelement o r  
thermoelectric couple, and a radiator. The absorber collects solar heat 
which causes a high temperature to be established. The thermoelements 
convert a portion of this heat to electricity, and the unconverted heat is 
rejected to space by the radiator. 

Analys esconducted pr ior  to  the work reported herein have been limited 
to mathematical models which could be handled using manual calculation 
techniques. 
desired. Therefore, an accurate analysis has been developed, reported 
herein, s o  that the performance characterist ics of the solar  flat plate may be 
predicted for  expected operational conditions. The mathematical model 
obtained a s  a result of this study contains a number of non-linear second 
order  differential equations which cannot be solved analytically. 
computer program therefore has been written for the IBM-7094 s o  that a 
solution may be obtained. 

Calculation accuracy has consequently not been a s  precise a s  

A digital 

Major emphasis has been placed in the writing of the program so  that 
calculation accuracy and ease of use of the program w i l l  result. 
lation accuracy has been obtained through a careful selection of the assumptions 
necessary to define the mathematical model and by careful computation techniques. 
Ease of use has been obtained through the use of the simplified input routines 
and carefully presented data. The input routine which has been developed for  
this program is virtually independent of format and the required data may be 
read in almost any order,  Paramet r ic  studies may be performed by reading 
data which have been changed from previous runs while data which have not 
been changed need not be reread. Automatic generation of all of the mesh 
information is taken care  of by the computer program with an input definition 
of the number of points around the periphery of the solar  flat plate module. 
Computer output options exist s o  that limited o r  detailed computed results 
may be obtained. If desired, the output may contain a map of the computer 
node points printed to a scale of one part  in 100, as well as temperatures 
and electrical characterist ics a s  functions of time e 

The calcu- 

' 

A comparison of the computer program results with experimental and 
manual calculations has been obtained. 
the limited experimental information which is available, and predict slightly 
lower performance characterist ics than have been obtained using manual 
approaches. In general, the correlation is good. 

These show good correlation with 

A limited parametric study has been performed and reported herein 
which shows characterist ics to be expected for  ear th  orbit behavior and for  
an application close to the sun. 
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1. HNT RODU C TI ON 

A, Background _- 

The satisfaction of auxiliary power requirements in space constitutes 
a difficult problem. 
the direct conversion of solar radiation to electricity. 
only practical solid-state device available for  this purpose was the photovoltaic 
cell, Recent developmental work has resulted in the availability of an alternate 
technique, the thermoelectric flat plate solar  generator, This electrical  supply 
has promise of more attractive cost per  w a t t  of electrical  power produced, 
lower weight/watt of power produced, and has high resistance to nuclear radia- 
tion, 
where at  present photovoltaic cells would be difficult to use. 

To date, most of these requirements have been met by 
Until recently, the 

The solar  flat plate also appears attractive for close-in orbits to the Sun 

The background technology and a number of preliminary calculations 
illustrating characterist ics a r e  discussed by Fuschillo, % and w i l l  not be con- 
sidered in detail in this report. 
investigation of the theoretical performance of the device, to compare the re- 
sults of the theoretical investigation with experimentally determined perform- 
ance, and to present a parametric study which may be utilized to evaluate use 
of the device for various postulated missions. 

The purpose of this report is to present an 

B o  The Solar Flat  Plate Thermoelectric Generator 

The solar  thermoelectric generator consists of three major items: 
an absorber, thermoelements and a radiator. 
thin plate coated to give a high absorptivity for so la r  radiation with a low 
emissivity, 
erature  because of its absorption-emissive properties. 
end of the thermoelements which a r e  attached to the back of the absorber. 
The other end of the thermoelement 
exposed surface with a high emissivity coating s o  that unconverted heat can 
be rejected to space. 
normally highly polished to minimize radiant interchange between the absorber 
and radiator. 

The absorber consists of a 

This is roughly sun-oriented and attains a relatively high temp- 
This heats the hot 

is attached to a radiator, which has an 

The internal surfaces which do not "see" space a r e  

Normal practice is to construct the solar  panel so that the radiator 
and absorber serve a s  electrical  interconnections between the thermoelements. 
Any desired a r r ays  of s e r i e s  o r  series-parallel  arrangements may be im- 
mediately obtained. 
Construction details may be seen in Figure 1-2 which shows the components of 
a typical cell. 

A photograph of a typical panel is shown in Figure 1-1. 

_ _ _ _ s _ - p - - - - - _ - - - - - - - - - - -  

I Fuschillo, N. Gibson, R. Eggelston, F. KO , and Epstein, J., 
Flat  Plate Solar Electric Generator for  Nuclear Earth Orbits", Advanced l l  

Energy Conversion, Vol. 6, pp. 103-125, 1966, 
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Figure 1-1 Flat Plate Solar Thermoelectric Generator Panel 
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Ab g orbe r Plat e 

Nickel Shoe 0 
(Zp 95% A1 5%) Solder Between Shoe and Plate I' 

Plated Ends 

Radiator Plates 

Armatrong A-1 Epoxy 

Figure 1-2. Unit Couple Assembly Drawing 
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I1 0 PANEL ANALYSIS 

Two basic types of analyses a r e  necessary to fully investigate the 
Long t e r m  behavior of the type associated solar  flat plate capabilities. 

with a constant so la r  flux and constant heat rejection characterist ics are 
of interest s o  that the steady state performance may be investigated. Power 
generation behavior associated with transient type phenomena are required 
for such applications a s  a non-oriented a r r a y  mounted on a spinning satellite 
o r  to predict the characterist ics when a satellite moves from shade to sun 
conditions o r  vice versa ,  Either of these basic investigations may be per- 
formed by considering the three components comprising the system: the 
thermoelements, the absorber and the radiator, 

K Thermoelectric theory is relatively well known from the analysis o r  
engineering standpoint and w i l l  accurately predict behavior provided suitable 
mathematical models a r e  selected. 
described utilizing transient heat conduction theory w i t h  appropriate incorp- 
oration of the radiant heat t ransfer  phenomena. 
quired a r e  a s  follows: 

The absorber and radiator may both be 

The basic assumptions r e -  

(1) The radiator and absorber may be treated as transient 
two-dimensional heat conductors with a variable heat 
source and no temperature gradient perpendicular to the 
surface. 

(2) Heat input to the absorber is due to the solar flux, planet 
albedo, and an effective planet temperature w i t h  full recog- 
nition given to the various absorptivity and view factor terms.  

(3) Radiator input is treated in a manner s imilar  to the absorber. 

(4) Thermal coupling between the absorber and radiator occurs 
due to the thermoelements and radiant heat t ransfer  between 
the two plates. 

(5) The thermoelement can be described by a transient one- 
dimensional differential equation which contains t e rms  for  
heat conduction, Joule heating, the Peltier, Seebeck and 
Thomson effects, and radiant interchange between the 
thermoelement, absorber and radiator. 

(6) The effect of resistance between a thermoelement and 
mounting hardware is included a s  a 
(which must be determined experimentally). 

! I  contact" resistance 

(7') Heat generation within the plate due to the flow of electricity 
and the effect of heat received by the plate from the thermo- 
elements is small  and may be neglected. 

The justification for these assumptions and the mathematical model which 
results a r e  discussed in the following sections. 
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Analysis of thermoelectric elements is generally achieved by taking 
a heat balance over the entire thermoelectric couple to determine the heat 
required at  the hot junction, 
efficiency is obtained, 
obtain an optimum efficiency. 
contact resistance in this approach, o r  to make assumptions pertaining to the 
behavior of contact resistance with cross-sectional area.  
the correctness o r  incorrectness of these assumptions is neglected, one 
problem involved with this approach is the difficulty of understanding the 
e r r o r s  involved in obtaining the heat balance. A further problem is that this 
approach may be used only for the steady state, and is inappropriate for use 
with transient analysis. One of the f i r s t  analyses which considered the steady 
state thermoelectric behavior from a microscopic standpoint w a s  presented by 
Lyon and Bustard. * Although this analysis was derived on the basis of non- 
transient conditions, it is a relatively simple extension to utilize it for the 
transient representation. The approach w i l l  be used herein because it has 
been shown to be accurate. 

If this is then divided into the output power, the 

It is relatively common practice to ignore the 

If for  the moment 

Suitable differentiations a r e  then commonly used to 

Although the assumption of Lyon and Bustard that the variation of contact 
resistance with the inverse of c ross  sectional a r ea  is good for some analyses, 
it is not a legitimate assumption for all cases.  
come l a rge r  a s  thermoelectric element size is decreased, and since size w i l l  
be of importance in some of the applications of the solar  flat plate, the assump- 
tion is not considered legitimate herein. 

The e r r o r  is expected to be- 

To obtain a mathematical model which describes thermoelectric behavior, 
w e  f i rs t  consider the thermoelectric phenomena which a r e  involved. 
are:  

These 

(1) Thermal conduction: the transport of heat f rom one position 
in the thermoelectric material  to another due to the temp- 
erature  gradient, 

(2) Joule heating: the internal heating effect within the thermo- 
electric material  due to resistance to the flow of electricity, 

(3) Seebeck effect: the phenomenon of the flow of electricity 
that occurs in a closed loop which is composed of two 
dissimilar materials when the junction between the mater- 
ials is maintained at  different temperatures ., . 

(4) Thomson effect: the phenomenon of heat generation o r  ab- 
sorption which takes place when an electrical current flows 
in the presence of a temperature gradient, 

- _ s - - p - - - - - - - - - p o p - s - - - - -  

1 1  * Lyon, W, C, and Bustard, T o  S. , Digital Computation of Thermo- 
element Operational Parameters",  Advanced Energy Conversion, 
Vol. 2, 1962, pp. 197-208. 
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(5) Pelt ier  effect: the heat generation o r  absorption 
phenomenon that occurs at a junction between dissimilar 
materials when an electrical. current is caused to flow. 

Incorporation of these well understood theoretical effects is sufficient to 
describe the thermoelectric behavior if  no other perturbations occur, 
ever,  any mathematical analysis must include the effects of the surroundings 
t Q  a greater  o r  a l e s se r  extent and must also consider the actual physical 
situation in which the thermoelements are manufactured o r  used. Conse- 
quently, further assumptions a r e  necessary. These are:  

How - 

(1) The thermoelectric material  is homogeneous. 

(2) Heat interchange between the la teral  o r  exposed surface 
of the thermqelements may be represented by considering 
only radiant heat t ransfer  between the thermoelement 
surface and the surroundings a s  seen by the surface. 

(3)  There is no temperature gradient within the thermo- 
element normal to the axis. 

Homogeneity of material  is generally obtained to the degree necessary 
fo r  a valid mathematical analysis This assumption is basically necessary 
at this time regardless of the degree of homogeneity o r  non-homogeneity in 
order  that a mathematical representation can be obtained. 
thermoelectric material  is homogeneous, and it is expected that little e r r o r  
w i l l  be involved with this assumption, 

However,a good 

The assumptior+ that the thermoelement exchanges heat from the exposed 
surface with its surroundipgs is in conflict with the assumption that no temp- 
erature  gradient exists within the thermoelement normal to the axis. 
i f  heat is going to be rejected from the la teral  surface, there must be a 
gradient w i t h  respect to a noSpal drawn tq that surface. This assumption is 
justified, however, because the quantity of heat which is conducted along the 
thermoelement is very much greater  than that which is radiqntly interchanged 
between the thermoelement and the absorber-radiator. 
is consequently small. 

Obviously, 

The e r r o r  involved 

The calculation of the energy interchange between the thermoelement 
surface and its surroundiegs could become extremely complicated, w i t h  a con- 
sequent result  that a tremendous amount of time would be used in obtaining 
numerical results. However, the thermoelement basically ' 'sees' '  only the 
absorber and the radiator inside surfaces,  If these a r e  assumed to be rep- 
resented by average temperatures, then an approximation of the heat t ransfer  
may be readily obtained. This approximation w i l l  not significantly perturb 
the results because it may be readily shown that the heat t ransfer  from the 
surfaces is small  in comparison to that which is conducted. 
therefore w i l l  be incorporated into the analysis since it w i l l  not affect the 
re sult s 

This assumption 
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Now consider a small  section of thermoelement: 

h 

M + i  

The following energy balance w i l l  describe the section behavior: 

between n- 1 / 2 

Fate  of heat accumulatiog 

The rate  at which heat flows into the section is: 

where it is assumed that there is no capacitance o r  impedance effect, and : 

thermal conductivity 
time 
cross  sectional a r ea  normal to the temperature gradient 

- - k 
t 
A 
T c temperature 

- - 

- - 

(11- 1) 

z - - position 
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The rate at which heat f l o w s  out of the section is: 

i I 

1 
3 

The rate of heat generation is: 

where: 

electrical  current 
electrical  resistance of the nth segment 
Tho m s o n c o e f f i c ie nt 

- - I 
R 
' y =  

- - 

(11-3) 

(11-4) 

and the first t e rm represents the Joule heating., the second the Thomson effect. 

A fictitious heat generation t e rm can be used to represent the heat 
I t  interchange between the thermoelement and its surroundings". This te rm 

is: 

where: 

(I1 - 5) 

view factor 
perimeter of thermoelement measured on a plane normal bo thez-axis 
surrounding temperature to  the fourth power averaged 

- - F 
P - - 

4 =  
TS 

The rate  of heat accumulation is: 

where: 

heat capacity 
density 

- - 
cP e =  

Substituting these into Equation (11- 1) yields: 

(11-6) 
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- d T (t), 
(11-7) 7 - F (t) P & 2 [T (t): - T S (t)43 = Cp (tin p (t)n A A 2 

The internal electrical resistance can be written: 

(11-8) 

where$ = electrical resistivity. 
A Z approaches zero results in: 

Substituting this and taking the limit a s  

(I1 - 9) 

The physical properties a r e  actually known as functions of T (Z, t). 
the Thomson coefficient Can be expressed as: 

Further,  

(11-10) 

where d = Seebeck coefficient, 

Making use of these, the differential equation becomes: 
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(11- 11) 

where the subscripts on the T have been left out i f  T is used a s  a sybscript, 
but it should be realized that the variation still exists. 

There is Jittle chance of solving Equation (11-11) in a 
manner, so we re-write it in the difference form: 

useful analytic 

+ 
n -  1 1 2  

In general: 
P . P n i - 1  + P n  J' n + 1 / 2  2 

where? is some property, so that: 

(11-14) 
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which can be rewritten as: 

I +  n - 1 ,  j k . + k  
ns J 

2 A Z  p n + 1 ,  j - T  n, j ] - 

(11-16) 

where the time derivative has been changed to  a forward finite difference approx- 
imation, indicated by the j subscript. 
left side of the equation, which greatly simplifies calculations 

thermoelement but is not applicable to the node at each end. 
tions allow this equation to also be applied at the end nodes. 
at  the hot end the n - 1 node is meaningless. 
represented by the n - 1 node may be represented approximately by the adjoin- 
ing node in  the absorber to which the thermoelement is attached. The Seebeck 
coefficient. for the n - 1 node may be treated as  the Seebeck coefficient for the 
nthnode for thisTone point, 
boundary condition represented by the Pel t ier  cooling is introduced separately 
a s  w i l l  be explained later.  

Note that the only j + 1 term is on the 

This equation describes the thermoelectric performance within the 

However, the temperature 

Minor modifica- 
F o r  example, 

This introduces negligible e r r o r  because the 

One of the thermal conductivity t e rms  must also 
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,e e iminatec in a s imilar  manner. This introduces very small  e r r o r  
in  the result since essentially a numberical average is being obtained, 
The same type of changes $an be made at the other end of the thermo- 
element where it contacts the radiator. In this case, the n + 1 node is 
meaningless, and is treated in a s imilar  y&y. 

The portion of the radiator and 0f the absorber which contacts the ends 

This assumption is consistent with the previously stated 

It introduces only a very small  e r r o r  in the results 

of the thermoelement is assumed to be a uniform temperature region with 
respect to position. 
assumption that there is no temperature gradient in a plane perpendicular to 
the thermoelement axis. 
because the volume involved is small  and the temperatnre gradients over 
such a small volume w i l l  be minimal. 
absorber and the thermoelement o r  between the radiator and the thermoelement 
a r e  introduced during the treatment of this node, 
removed from the portion of the absorber in  contact with the thermoelement 
can be described by: 

The boundary conditions between the 

The rate  at which heat is 

(II- 17) 

where the f i rs t  t e rm is the heat conducted away by the thermoelement, the 
second is the Pelt ier cooling, the third is the Joule heating t e rm at the 
contact, and: 

heat flow into thermoelement 
contact resistance at the hot end 

- 
I 

- - 
Qi 

The subscript one re fers  to the first node in the thermoelement (the hot end). 
The heat flow rate  out of the cold end is: 

where the subscripts N and o refer  to the heat out (co1d)end and 0 2 4, 2 , 
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The derivative portions of these equations represent the change of temp- 
erature  w i t h  respect to position within the thermoelement as the thermo- 
element end is approached from the inside, 
ately written in difference form and can therefore be readily evaluated 
using the previously presented difference equations. 
the contact resistances a r e  known a s  functions of temperature f rom experi- 
mental data. 
contact resistances then can also be computed. 
other t e r m s  which appear in  these equations. 
a forward difference technique is apparent because it is not necessary to 
i terate  e a c h t ime during the computation process. W e r e  some other 
difference technique to be used, either iterative techniques o r  complicated 
approaches would be required which could be more time consuming, (The 
numerical approach w i l l  be expanded in l a t e r  sections. ) 

These t e r m s  may be immedi- 

It is assumed that 

Since the equations can be used to compute temperature, the 

Again, the attractiveness of 
The same is t rue  of the 

The previously described equations are sufficient to enable thermo- 
electric performance to be calculated provided the electrical  characterist ics 
have been determined. However, the electrical  characterist ics depend upon 
the thermoelement temperatures and behavior, Consequently, these charac- 
ter is t ics  must be incorporated into the analysis so that a simultaneous solu- 
tion may be obtained, 
equation which gives the total internal resistance of a thermoelement: 

T o  accomplsih this, we first consider the following 

The open circuit voltage is: 
TT (t), 

(11-19 

(11-20) 

These two equations represent the behavior for  a single thermoelement. 
In practice, the indicated operations w i l l  be performed for  an N element 
and a P element, and the resistances and the voltages w i l l  then be added to 
obtain the behavior for  a complete couple. 
by the number of couples immediately yields the overall characterist ics of 
the complete system. The following equation immediately results f rom in- 
corporating these answers into an analysis of the system circuit including 
a load resistance: 

Multiplication of these results 

(II- 
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x 

where: 

N re fers  to the negative element 
P refers to the positive element 
M number of couples 

external o r  load resistance 
total internal resistance pe r  couple 

I I 

- - 

- - 
Re 
Rt 

cold end contact resistance (including radiator) 
hot end contact resistance (including absorber) 

- - 
- - 

RCC 
RCH 

The output power is now: 

(I1 - 2 2) 

The efficiency of the system can be defined in two ways: 
ower delivered by thermoelement = thermoelectric (11-23) 'f\ = 'heat absorbed by thermoelement efficiency 

- useful power delivered to load - - overall 
heat incident on absorber efficiency (11-24) 

It is interesting to note that the la t ter  expression w i l l  become infinite when 
the solar  heat is cut off, but the generator continues to function for  a short  
t ime because of stored thermal energy. 

To Qbtain a mean efficiepcy for  any particular situation, i t  is only 
necessary to integrate over the time span of interest. 

The same technique can be extended to a segmented thermoelement, 
However, it is necessary to include the effects of the discontinuity between 
the segments. 
caused temperature drops, b a r r i e r  losses,  etc. 
of this type could cause an actual loss in switching to a segmented system a s  
compared to a predicted gain for an ideal situation. 

These effects include contact resistances, inert  material  
Pract ical  considerations 

To gain further insight into the behavior of segmented systems, con- 
s ider  the following thermoelement leg: 



\ 

I?-12 

The heat absorbed by this element at the hot end can be obtained by applying 
Equation (11-17) at this point. The heat given up at the cold end of segment 1 
can be immediately determine? by using Equation (11- 18). 
within segment 1 is described by Equation (11-16). The same s ta teqqnts  can 
be made fo r  each of the M’ - 1 segments of which the thermoelement is cow- 
posed. 

The behavior 

The use of Equations (11-17) and (11-18) automatically include$ the effect 
of contact resistance between the segments. In reality, a temperature drop 
could occur in a ba r r i e r  material  between the segments. 
w i l l  bethin, i ts  behavior can be described by considering: 

since this material  

C r o s s  Sectional, Area (.A) 

Cold Side ( C )  Hot Side 

k - 4  (H 1 

2 
L = Barr ie r  Thickoess 

The rate of heat flow entering the hot side is the heat given up by the thermo- 
element to the left. The heat flow rate  out is that absorbed by the thermoele- 
ment on the right. 
and (11-18). 
may write: 

These t e rms  a r e  already described by Equations (11-17) 
Therefare, i f  T (t) is the average temperature of the ba r r i e r  we 
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The temperature drop across  the b a r r i e r  is approximately: 

and further: 

1.. 1 (t) - T 0 (td (11-26) 

(I1 - 2 7) 

so  that the ba r r i e r  behavior is now completely described. 

If the ba r r i e r  equations for  each ba r r i e r  (between segments) a r e  combined 
with the equations and boundary conditions applicable to the segments, a set of 
difference equations is obtained s imilar  to the set  obtained for a non-segmented 
thermoelement, the basic difference being in the coefficients, Once these have 
been determined, the thermoelement points may be handled simultaneously with 
all of the other mesh points. 

The electrical output and efficiency for  the segmented system can now 
The total electrical be obtained as easily as for the non-segmented system. 

output is the summation of the electrical  outputs of each segment minus the 
losses  already discussed (with the additional assumption that the electrical  
resistance of the ba r r i e r s  is included in the contact resistance associated with 
those bar r ie rs ) .  The efficiency is the net total electrical  output divided by the 
heat into the hot end of each segment. 

B. Absorber and Radiator Analysis 

The behavior of the radiator can be handled by identical equations a s  
utilized to analyze the absorber provided proper care  is taken in setting up 
the analysis. Consequently, this discussion w i l l  be limited to a consideration 
of basically the absorber. A l l  assumptions and considerations which a r e  made 
w i l l  be in sufficient depth that the applicable equations may be readily utilized 
for the radiator a s  well. 
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The absorber acts  a s  a heat t ransfer  fin in  that it receives radiant 
energy principally from the sun and t ransmits  a major  portion of this energy 
to the thermoelement hot junction by conduction. 
either reradiated from the surface o r  is radiated directly to the radiator. 
Since one objective in the design of this system is to minimize weight, it is 
readily apparent that the absorber thickness must be made a s  thin as possible 
consistent with good heat t ransfer  characteristics. Exactly what comprises 
good heat t ransfer  characterist ics" cannot be determined without a detailed 

investigation, 
have not considered the temperature gradients which result in the absorber 
and have therefore been unable to fully evaluate the performance characterist ics,  

The remaining energy is 

1 1  

Investigations performed pr ior  to the analysis reported herein 

Since the absorber is thin relative to i t s  other dimensions, it may be 
treated as having a negligible temperature gradient perpendicular to the surface 
This reduces the problem to a two-dimensional conduction analysis in Cartesian 
coordimtes since the absorber is a rectangular structure.  However, the nature 
of the reradiation t e rms  from the surface as well a s  the complexities of the 
radiant energy interchange effects result  in  a mathematical representation 
which cannot be handled using analytic techniques. 

The absorber receives heat principally by radiation from the sun, 
although energy interchange w i l l  also result  from the albedo (planet reflected 
solar  radiation), from radiation emitted directly by planets which is inter- 
cepted by the collector and by interchange between the absorber and the 
radiator. Although the absorber input may be quite accurately calculated 
using only the direct solar  radiation, the behavior of the radiator can be 
strongly effected by the surroundings it "sees". Since these surroundings 
must be incorporated into the radiator analysis, they w i l l  also be incorporated 
into the absorber analysis which wi l l ,  of course, increase the accuracy of 
the absorber calculation. 

The calculation of the solar  energy intercepted by the absorber is 
relatively straightforward from the standpoint that the flux is relatively w e l l -  
known and it is only necessary to determine the orientation of the absorber 
with respect to the incoming solar  flux. Knowledge of the relative absorp- 
tivity to solar  radiation immediately enables one to compute the fraction of 
the impinging energy which is absorbed. Since the relative absorptivity 
can be a function of temperature, this dependency w i l l  be an allowed variable. 

Powers96 states that the calculation of "earthshine" is considerably 
l e s s  precise. 
required to reduce the complexity of the computation., 
consider that the ear th  is aodiffusely emitting black body with a uniform 
surface temperature of 450 Ro When this assumption has been made, it is 
immediately possible to compute the direct energy input impinging upon the 

He further states that fundamental assumptions are normally 
These normally 

- - - p - - - - - - I - - - - - - - - - _ _ _ _ I  

1 1  * Powers, Edward I. , Thermal Radiation to a Flat  Surface Rotating 
About an Arbitrary Axis in an Eliptical Earth Orbit: Application to 
Spin-Stabilized Satellites", National Aeronautics and Space Adminis- 
tration, NASA TN D-2147, April 1964. 
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I I  surface of the absorber f rom all portions of the earth which a r e  
the absorber. 
earth. 

seen" from 
Similar considerations a r e  applicable to planets other than the 

It is immediately apparent that calculation of the effect of albedo requires 
a s imilar  treatment. 
resented as a diffusely reflecting sphere with the source intensity represented 
a s  a function of the absorber location relative to that portion of the earth 
which is lit by the sun. 

Powers in this case assumes that the ear th  can be rep- 

Heat w i l l  be reradiated from the surface of the absorber. This may 
be immediately determined if  the temperature is being computed by utilizing 
the relative emissivity which can be represented as a function of temperature. 

Energy interchange wi l l  also occur between the absorber and the 
radiator. Although this calculation may be readily made between two parallel 
f lat  plates if the surfaces a r e  at uniform temperatures, the problem becomes 
more complex if  temperature distributions occur, a s  is the case under con- 
sideration here. Since the surfaces of the absorber and radiator which "seet t  
each other w i l l  be highly polished to minimize the energy interchange, the 
actual quantity of heat transmitted between the two surfaces w i l l  be small  
in comparison to the other heat t ransfer  effects. 
occurs in this portion of the analysis, its effect on the overall performance 
w i l l  be minimized. A s  a result, the assumption w i l l  be made that the collector 
and the radiator can each be represented in t e rms  of the fourth power of 
temperature integrated over the surface of the plate in question and hence 
averaged. This integration process is straightforward once the temperature 
distribution has been established. Immediately, the energy interchange be- 
tween the two surfaces may now be treated a s  though the surfaces had a uni- 
form temperature. The overall effect of this assumption is a slight pertur- 
bation in the temperature distribution on the surfaces. 
furthest removed f rom the thermoelement, the absorber and radiator w i l l  
normally have the largest  temperature difference, and the energy interchange 
at  this point w i l l  be slightly greater  than computed with the assumption. Con- 
versely, the opposite effect w i l l  occur a s  the portion of the surface in question 
is considered a s  approaching the thermoelement 

Consequently, if some e r r o r  

A t  the edges which a r e  

The basic so la r  flat plate configuration a s  presently constructed and 
analyzed herein can be represented by a rectangular geometry. 
immediately imply that the basic analysis of the absorber should also be 
based on rectangular geometry. Indeed, initial approaches to the analysis 
of this problem were made utilizing this assumption. 
ation of the heat f lux and hence the nature of the temperature gradients 
within the absorber resulted in a change from this geometry to the cylindrical 
coordinate system. This apparently contradictory decision w a s  reached from 
consideration of two different standpoints. 
is absorbed by the absorber is t ransferred by conduction to the thermoelement. 
The heat fluxes in the vicinity of the hot end of the thermoelement are there- 
fore  high, with large temperature gradients, and these heat fluxes decrease 
a s  the distance from the hot end of the thermoelement is increased. 
means that a numerical representation of the behavior of the absorber should 
be based upon selection of small  volumes o r  nodes which a r e  located closely 

This would 

However, a consider- 

First, most of the energy which 

This 
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together. 
the thermoelement is increased, nodes which a r e  located further away may be 
utilized to represent la rger  volumes w i t h  a s imilar  accuracy. Secondly, it 
was desired that the computer program should be a s  easily used as possible. 
This essentially meant that the computer program should be caused to gen- . 
era te  i ts  own nodal arrangement based upon a minimum of input data. Both 
of these considerations immediately imply a cylindrical coordinate system as 
one which most readily allows the desired node arrangements to be attained. 
This assumption is discussed further and in more detail l a te r  in this report  
(see also Appendix A). 

Since the temperature gradients become less as the distance from 

A heat balance may be taken over a small  section af the absorber by 
considering the following small  section: 

The following heat balance can be written: 

heating - ra te  of heat - radiant heat - - rate of heat 
ra te  accumulation loss rate  conduction (II-28) 

in segment away from 
segment 

The total heat flux per  unit a r ea  absorbed by the exposed surface is given by: 

+ S R F2 (Ti, j, t) 

where: 

absorbed heat flux 
solar  constant 

- Q -  
S 
& =  absorptivity (for solar  radiation) 

- - 

(11-29) 



11-17 

6 = incident angle fo r  solar  radiation measured from a line 
perpendicular to the plate surface 

T - - temperature at position, i, j 

for collector 

foy radiator 

3 t j j  = 1 ~ ~ O S S < ~ / Z  
3 0 otherwise 

8 =  o if 05 4 n/2 

- - 1 otherwise 
time - - t 

r =  Stefan-Boltzmann constant 
= 

- - planet absolute temperature 
radiation view factor fa r  heat t ransfer  to plate from a planet F1 

F2 

T 
R reflectivity constant of planet (albedo) 

radiation view factor for reflected (solar)  heat t ransfer  to 
plate from planet 

- - P 

- - 

Note that Q is not independent of location on the plate since the relative absorp- 
tivities a r e  functions of temperature. 
i s  referred to in the following way to simplify the algebra: 

The heat flow associated with the surface 

(11- 30) q Q(T.. t) r .  6, r A 8 
5 j9 J 

where: 

the heat absorbed per unit time by the segmeqt for this 
phenomenon 

- - q 

Heat w i l l  also be absorbed from the other plate (if we a r e  considering the 
absorber, the other plate is the radiator). 
described by: 

The net heat t ransferred can be 

where: 

- view factor 
temperature at (r, 8) 

effective temperature of other plate taken, to the fourth 
power and averaged 

- - Fi, j 

I Ti, j 
T t 4  = 



9 

11-18 

Heat w i l l  be radiated from the exposed surface according to: 

4 
q = eo (T. .) A r r j A 8 Ti, (t) 

1, J 
(11-32) 

where: 

e =  relative emissivity pf exposed s u r f w e  
0 

Heat conducted from the plate segment into other portions of the plate 
can be described by: 

(rate of heat conduction out of segment 
g =  c through sides) (11- 33) 

which can be written: 

(t) - T (t) ] + i, j ++I- 4 8  I.-+ +][ A T i , j  a r  3 + k (Ti, 

( I1 - 3 4) 

Finally, heat w i l l  be accumulated within the segment due to a, chqnge in 
temperature with respect to  time. This effect is: 

(11-35) 

A l l  other effects a r e  assumed negligible, 9s previously discussed. 

These effects can be combined accordingly to yield; 

- 
(Ti, j, T! .) [T .(t)4 - TI4] r .  A 0 A r + Si, j(t) t P A r r j  A 8 - 

1, J i, J J -OFi, 
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(11- 36) 
J 

which ma be transformed to the following differential equation by dividing by 
r . t  A 0 r and allowing A r and h 8 to approach zero: 

J P  

which is the governing differential equation describing heat t ransfer  in the 
absorber. Note that the direct functional dependencies a r e  indicated. Hence, 
F (0, r, T, TI) indicates that F is a function of the independent variables €3 
and r, and of the dependent variables T and TI. 
time, although it w i l l  vary with time because T and TI would be completely 
written as  T (0, r, t) and TI (t). 

F is not directly a function of 

The view factor F may be written as: 

1 
1 + - - 1  1 F =  

i, j 
O(T) G 1  

(11-38) 
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where e ' is the average relative emissivity of the absorber. 

Similar equations for  the radiator may be obtained by exchanging the 
T and T '  t e r m s  and applying the other parameters  properly. 

The boundary conditions necessary to obtain solutions to the equations 
which represent the absorber o r  radiator essentially opnsist of the previously 
discussed intercgqnectionS between these surfaqes and the thermoelements 
a s  well a s  the additional assumptions that no heat is lost  from the edges of 
the arr9-y which a r e  exposed to the surroundings. 
relatively good since the internal portions of the a r r a y  do not "see" space to 
a significant degree. The view factor for the internal pa r t ims  to space is 
further decreased by the lip that is formed around the edge of the collector 
which serves  as a stiffening member. By the same token, a polrtiop of the 
heat that i s  collected by the absorber wi l l  be perturbed by the presence of this 
lip, although this has not been considered in the analysis since the effect w i l l  
be small. 

This la t ter  assumption is 

A s  previously discussed, heat conduction within either the absorber 
o r  the radiator may be described by taking a heat balance over a small  rep- 
resentative section and then considering the equations which result  a s  the 
section size is caused to approach zero. The resulting differential equation 
cannot be solved by present analytical techniques, and a numerical solution 
is therefore required. 
sion of the derivative t e rms  through a Taylor s e r i e s  expansion with the rejec- 
tion of higher order  terms.  
calculations and yields excellent accuracy provided the incremeqt s izes  a r e  
properly selected. 
niques which in turn speed up the salution through faster computgtiop. A 
basic consideration is the selection of a suitable mesh arrangement which then 
forms the basis f o r  the application of the differential equation. 

The solution Selected basically consists of the expan- 

This technique is commonly used for heat t ransfer  

It fur ther  introduces relatively simple computation tech- 

For reference purposes the absorber w i l l  be considered a s  oriented in  

Specification of the plate s ize  may be immediately made by defining 
a Cartesian (x, y) coordinate system with the origin located at the l o v e r  left 
corner. 
the point (X, Y) as the coordinate of the upper right corner. 
corner of the thermoelement w i l l  be specified by (Uo, Vo), and the upper 

right corner wi l l  be specified by (U, V). This defines the overall dimensions 
of the absorber, a s  seen from the following sketch: 

The lower left 
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The calculations w i l l  be performed using radial geometry and selecting 
the radial increment, br, such that the controlling angular increment 
w i l l  approximately form a square. 
be defined a s  the average value of 4 0 encountered in 0 5 0 f an' : 

The controlling angular increment w i l l  

To determine the AB'S we next consider: 

-_CC Center - Collector 



11-22 

1 
/" 1 

7 r o 2 + '  ' vo 2 +, "1 

where the li a r e  the number of 
into for  calculation purposes. 

4 x 2  - (U + w 2  - 

increments each of the i sides is to be divided 
We can use the law of cosines to write: 

n 0 

( a x  - uo - U)' - 2 (V0 + VI" 
0 (IS - 39) 

2 - l  
cos a, = 

-2J(uo + U)2 + (V0 + v)2 'JJ 0 

4 y 2  - 2(2X - uo - u)2 - (V + VI2 - t2Y - vo - VI 2 

0 (11-40) 
2 '  

cos a, = 
9 ( 2 Y  - v '  - VI2 + (2X - uo .r U) - 4 2 x  - uo - VI2 + tvo + V) 0 

2 2 
4 x 2  - 2 (2Y - vo - - (2X - uo - U) - (U0 + U) 

2 2i 
cos a3 = (I1 - 4 1) 

" 

+ (2X - uo - U) J(uo + w 2  + (2Y-  v - V) 
0 

Now define: 
/ ai a e . = -  
1 li 

These are the A ei required by the li. 

(I1 - 4 2 

(11-43) 
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We now consider the thermoelement: / (p.l" * .02+v) 

or,  perhaps a little easier:  ' 1  

7 s Similarly: 

and  

u - uo vO) 

'5 
tan (T-) = - .o 

I ai 
h e i =  - 

li 

) U o + U  v o + v  
2 ' 2  

(II-44) 

(I1 - 4 5) 

(I1 - 46) 

(11-47) 

(I1 - 48) 



11-24 

I I 
We now compare A el and A Q5 and select the smal le r  of the two 

values to apply a s  El for 0 a Q ale If A Q5 is selected, a new l1 

corresponding to 4 B5 w i l l  be computed. The new l1 w i l l  be truncated 

I 

I 

I 

to the next la rger  integer i f  it is not already an  integer, and the 4 0; w i l l  

be recomputed using the truncated llO This 4 G5 w i l l  become 4 
/ - 

Similar manipulations w i l l  be performed for a2, Cb3 and a4. 
Typical of the type of angular arrangement which could result  from this 

specification is the geometr Note that the size of the 
rays 09 each side of line A a r e  different. If carr ied to an extreme, this 
would mean that adjoining segments constructed on this angular arrangement 
could be of drastically different size. There would immediately result an 
e r r o r  in the representation of the differential equation by node arrangements 
of this type. 
to  ray be minimized. 
technique which wi l l  result  in  the same number of rays/s ide,  but w i l l  arrange 
the size somewhat differently. To accomplish this, we first define: 

shown in Figure 11-1. 
I I  x 

A s  a consequence, it is desirable that the variation from ray 
This can be accomplished through an iterative averaging 

n = O  
0 

nl = l1 

n2 = nl + l2 

n3 = n2 + l3 

Now we select j = 1 and perform the following calculations: 

+ 3, ~ , to  n. (inclusive). 
J 

+ 1, then n + 2, nj - for = nj  - 1 j -  

(11-49) 

(11-50) 

(I1 - 5 1) 
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Line "A" 

Figure 11-1 .Non-Smoothed Angles 
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c 
"_ 1 

A subscript zero w i l l  be taken to mean n4' and a subscript n4 + 1 to 
mean one. We now compute: 

and we renormalize according to: 

(I1 - 5 2) 

where the meaning of Equation (11-53) is to compute the right hand side and then 
replace A Gi by that value. 

We now repeat Equations (11-51) through (11-53) for j = 2, j = 3, and 
j = 4. Then w e  repeat for J = 1, 2, 3, 4, and we continue the process until 
convergence has been obtained, This could typically result in  the behavior 
illustrated in Figure 11-2. 
been smoothed, and no large discontinuities exist. The desired number of 
rays  per side is still the same. 

Note that the variation of s ize  from ray  to r ay  has 

This process w i l l  set up t h e 4  Qio We next must compute the r To 
u - u -  j o  v - v -  

V V do this w e  first compute an initial radius a s  the minimum of 

This is then the minimum value the radius can have and still be in the plate, 
but outside of the thermoelement. 

and 
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Figure 11-2. Illuatration of " Smoothed" Angles 
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We w i l l  base A r .  cm the average h Qi4 Ar w i l l  be calculated by: 
J j 

(11-54) 

Thus, we see that 4 r .  w i l l  increase a s  we q o v e  away from the thermoelement 
center. The initial & r w i l l  be calculated from 'kin. J 

3' 

Then we can use: 

to compute all of the other rJ of course reaomputing A r 

plate edges requires a knowledge Qf where they a r e  located relative t9 
the center of rotation. 

each time. 
j 

To set  up the mesh and take intQ account the thermaelement and the 

This may be accomplished by a trgnsformation of 
uo + u vo + v 

coordinates to (r, €3) geopet ry  with the center at x = 2 ' J  Y s  ' 2  

(II-55) 

uo + u vo + v 
J y -  ' 2 '  ( -  2 

D 

u + u  v o * v  
1 0 

( -  ' 2  ' '2 

A 

! 
E 

/ 
/ 

/ 
/ 

I 

'L 

1 
u , + u  v o + v  

(X- 2 . '  9 - 2  

B 
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where the coordinates a r e  given in t e rms  of the ( s ,  t) system, a rec-  
tangular system with the same zero point a s  the (r, 0) system and 
otherwise oriented parallel to the (x, y) system. In (r, 0) geometry, 
the values for points A - D a r e  obvious. 
that when the radius vector is straight down: 

To obtain E - H, w e  first note 

uo + u  
= vo + 

Or : 
uo + u 

Q = tan-' ( vo + ) 

But at this point, we also have a known a5/2 (See Equation (11-44) ): 

u - u  
O )  

-1 a, 
5 2 = tan ( v  - vo 

The value of Q corresponding to E may be obtained by subtracting: 

Q)5 u + u  -1 0 QE = tan (vo  + v )-T 

(11-56) 

(11-57) 

(11- 58) 

(II-59) 

But we w i l l  not be concerned here with negative 8 ' s .  Hence we w i l l  stipulate 
that i f  is negative as calculated, then corner E w i l l  be shifted t o  position 
F, F to G, etc. 
the center of the coordinate system is located in  the center of thermoelement, 
the radii for the four corners  a r e  identical and may be obtained immediately. 
These data a re  summarized in Table 11-1. 

Immediately, corner F is located at €3 = eE + etc. Since 

If (u, v) represents a rectangular coordinate system based upon the 
same zero a s  the polar coordinate system being cwsidered  here, then 
we may w r i t e :  

u = r COS 8 (IIL60) 

v = r sin 0 (11-61) 
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TABLE 11-1. 

Corner8 5 
A 0 

B 01 

C 01 + 0 2  

D 0, + a2 + a3 

E 8, 

F eE @5 

r 

2 2 L 2 { (U - UJ + (V - V0) 
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' "\ 
' \  

J 
u/ 
/ 

\ 

\ 
\ 

\ 
\ 

and if (s, t) represents a rectangular coordinate system based at the same 
zero a s  the olar coordinate system, but rotated clockwise from the (u, v) 
system by f+  , then: 

$ = e + x  +n (11-62) 

but: 
vo + v 

tan 8 = Uo+ u 

and: 

Further  : 

vo + v 
Y = + ) 

s = r cos ,$' 

(11-63) 

(11-64) 

(11-65) 

(11-66) 

(11-67) t = r s in  $ 
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Or: 

I 1 

s = r cos e + r + t a n - l  ( u '  V O + V ) ]  + I 0 

vo + v 
t = r s i n [  e+q +tan- '  (uo+u)l  

We may also wr i t e :  

uo + u 
2 s = x -  

So that: 

vo + v 
t = y -  2 

vo + v uo + u 
x = r cos e + ~ +  + tan-' ( u  + u  I ]  + I '0 

vo + v vo + v 
y = r sin e+v +tan- '  ( u o  + u  + . I c 

But: 

sin (u + v) = sin (u) cos (v) + COS (u) sin (v) 

cos (u + v) = cos (u) cos (v) - s in  (u) s in  (v) 

and: 

vo + v uo + u 
- sin (0) sin (tan-' ( 

+ U)i)+ 
0 

(11-68) 

(11-69) 

(I1 - 7 0) 

(11-7 1) 

(I1 - 7 2) 

(11-7 3) 

(I1 - 7 4) 

(11-75) 

(11-76) 
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vo + v 
) )  + 

-1 y = - r  s in  (e) cos ( t a n  ( u o  + E 
01-77] 

The plate edges w i l l  not f i t  into the mesh selected for analysis in a 
regular manner, and w e  must investigate these in more detail in order  to 
generate a mesh which accurately represents the edge behavior a s  w e l l  as 
internal behavior. W e  first consider the following: 

The plate edge is a straight line which, i f  horizontal, can be represented 
simply by: 

y = c  
or, i f  vertical, by: 

x = g  

(11-78) 

(11-79) 

Substituting these, w e  immediately obtain: 
vo + v 

vo + v v + v  
2 C -  

-1 
r =- 

-I, 
)) (11-80) s in  (0) cos (tan ( Uo+ )) + cos (0) sin (tan (u + 

0 
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f 
i 

I 

for a horizontal line and: 

for a vertical line. 

There a re  a number of possibilities o r  ways in  which the horizontal line 
may intersect the mesh: 

A) 

k 

i 

I 

uo + u 
g -  2 " 

v + v  v + v  r = r  

COS (e) COS' (tan -' (u 0 + ) - s in  (0) sin (tan -' (u ' +  ) ) (11-81) 
0 0 

B) 
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“4 

\r 
/’ \ 

\ 

/ 

/’ r- 
/ 

I 
I / 
I /’ 
L-C’  

\ --e- / 

/ \ 
/ \ 

\ / 

In each case the a rea  epclosed by the solid line must be computed and included 
within the mesh, 
the increments is small and small  e r r o r s  in the size of several  increments 
w i l l  have negligible effect on the overall plate behavior. We w i l l  therefore 
assume the segment shape to be trapezoidal. This immediately eliminates 
cases  D and G a s  having a negligible effect on the mesh. 

Although these a reas  can be computed exactly, the size of 

The following types of behavior can take place in  fitting trapezoidal nodes 
to the plate - thermoelement intersection: 

(1) Both inside corners  in T / E ,  outside corners  0 outside: 
IS T/F: 

TIE Edge (shaded portion shou mate - -. r ia l  - I Bf l -  Segment 
/’ 

/’ 
I 

n / 
I 
I 

/-I I Center of T/P - - 



Sol ition: Redefine points A, B; t rea t  as case 8. 

(2) Back inside corner  in T/E,  others outside: 

C 

.L 
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Solution: Compute a rea  for several  triangles, and add to obtain the total: 

area = BCE + CEF + CDF 

(3) 

(11-82) 

Forward inside corner in T/E, others outside: 

0 
0 
0 

/ 0' 

-cc--- D 

area  = A E F  + ACF + ACD (11-83) 
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area  = DEF (11-84) 

(5) Forward outside corner  outside T / E ,  others inside: 

A 

area  = CEF (II-85) 
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(6) Backward corners  in T/E,  forward corners outside: 

0 . -  

A 

Redefine A, D; t rea t  a s  case 8. 

Backward corners  outside, forward corners  in T/E:  (7) 

Redefine B, C; treat a@ case 8. 

Finally, there is the simple case of a node th 
intersect any edges: 

(8) 

B 
I- 

0 
I 
0 

0 

0’ 
I 

0 

I 
I 

I 

D 
0 ,,,- - _- -- --------I 

A 
a rea  = ABC + ACP 

t d  not 

(11-86) 
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Similar construction techniques can be used to describe node behavior 
F i r s t  refer to the same sketches and apply them to the along the plate edge. 

plate edge. 
following may be defined: 

If we assume that the shaded side is within the plate, then the 

Case Area 

1' 

2'  
3' 

4' 
5'  
6 '  
7 '  

Redefine C,D, Trea t  a s  8 
AEF 
BEF 
ABC + ACE + AEF 
ABE + AEF + ADF 

- 

There additionally exist the possibilities that a node may be common 
to the plate edge and the T / E  edge, o r  that the plate edge and the T / E  edge 
correspond. 1f they correspond, there is no node at that location. If the 
node is common to both edges, then there  exist possibilities in the plate 
edge treatment where neither 1 - 7 o r  1' - 7 '  a r e  useful. It may be more 
convenient to subtract the position outside the plate edge from a previously 
computed a r e a  than to compute the a rea  inside the plate directly. 
cases  w i l l  be treated using a double prime with the understanding that the 
indicated a rea  is to be subtracted. The a rea  in each case is described by 
the non-prime cases,  but with the edge being the edge of the plate, not the 
edge of the T/E. 
merely move the points A B C D to correspond to the plate and T / E  edges. 
In these cases,  the treatment is the same as though no edges were present 
after the redefinition of the points has been made. 

These 

In a few of these cases, it w i l l  also be convenient to 

Since all nodes may be considered by considering triangles, w e  next 
consider the characterist ics which must be calculated, 
triangle is: 

The area  of a 

A = i s  Ls - a] I s  - b] Is - c]' 

where: s = [a + b + c l  

(11-87) 

(II-88) 

and a, b and c a r e  the lengths of the sides. 
corners  have been obtained, the length of a line between the points may be 
determined from: 

Once the coordinates of the 

-I 

(11- 89) 2 2 
(x, - XI)  + (y2 - yl) 

where d is the line length, and the line ends a r e  at k2, y2) and (Xl, Y1) .  
1 
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tion of whether to t rea t  the partial segment a s  a separate 
Some of these segment o r  a s  part of another segment may now be made. 

segments w i l l  be very small  and i f  considered separately would require 
very small time steps. 
If the a rea  of a partial segment is l e s s  than one 
ment, then it w i l l  be attached to and made a part of the j -1  segment, 
arbi t rary selection is made with a small  enough segment s ize  that little 
e r r o r  w i l l  be introduced by incorporating the segment into another segment. 

Consequently, we w i l l  make an arbi t rary selection.. 
half that of the j-1 seg- . 

This 

The "center" of each of the segments modified by this procedure must 
be redetermined s o  that it is representative of the average behavior of the 
segment. We first determine the center of the partial  segment without regard 
to its ultimate disposition. 
as  a calculationbase, we first determine the center of the triangle: 

Since all a r eas  were determined using triangles 

I L  

Incremental 

t 
2 

The moment of the incremental rectangle about the s axis is at- dA = 
2 

ds; about the t axis it is at s dA s tds .  The equation of the left line is: z 

and that of the right line: 

The moment about the s axis is: 

(11-90) 

(II- 9 1) 

(I1 - 9 2) 

(I1 - 9 3) 
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1 
\ 

. . J  

"f 

The ref o r  e: 

Mt = 6 

The centroids a r e  now: 

- T2[sl+sJ - - -  T t =  3 TS1 + s2=l 

- s = 2j p2 - sl] 

(11-94) 

(11-95) 

( I1 - 9 6) 

(11-97) 

(I1 - 9 8) 

These centroids a r e  based upon a triaqgJe w i t h  an oyiwtation a s  shown in 
the pyevious sketch. 
different coordinate system with a different zero point and in most cases  
with a different rotational orientation. These results w i l l  not be applied 
using the (s, t) system, but the resul ts  a r e  simple and can be easily applied 
to the coordinate system under consideration. 

The orientations qecessary here  w i l l  be located on a 

Now suppose the corners  of the triangle a r e  located at (x19 yl), ( x ~ ~  y2) 

and (x3, y3). 
y as corresponding to t = T. 2 
and Ix,, y3) to ( S z 3  0 ) .  

W e  w i l l  arbi t rar i ly  choose x2 as corresponding to s = 0 and 
Further,  (xl, yl) w i l l  correspond to (-SI. 0) 



11-42 

from the law of cosines: 

(11-99) 

Further: 

(11 - 1 0 0) 

S1 = c cos A 

S2 = b-S1 

T = c s i n A  

s in  A + cos2 A = 1 2 
But: 

(11- 10 1) 

(11- 102) 

(11 - 10 3) 

(11-104) 

(11-105) 

(11-106) 
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s in  A = (II-107) 

T = c { r c o s 2  A 
------7 

(I1 - 10 8) 

With Equations (11-100) through (11-108) we can immediately find s 
andF from Equations (11-98) and (11-97). 
(x, y) coordinate system. 

We may now convert these to the 

(xl - xo) 2 + t Y 1  - Yo) 2 + =  (11-109) 

j-' = {{=F (I1 - 1 1 0) 

2 5 G  (II- 11 2) x3 - 2x0 x3 + xo + Y 3  - 2Yo Y 3  + Y O  
2 2 2 



This can be written as: 

xO = E + F y o  
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(II-114) 

and w e  may substitute this into Equation (11-111) to obtain: 

k2 + 11 yo2 +[-2x1F + 2E F - 2 y d  yo + 

- 2x1E + E  2 + y l  2 - D = o  
+ x1 

which can be written: 

2 a y o  + b y o + C = O  

with the solution: 

- b 
- - 

YO 2a 

(11-116) 

(I1 - 11 7) 

(II- 11 8) 

To determine which solution is to be used w e  first note that yo must be 
between y1 and yQa y1 and yZa o r  y2 and y3; and xo must be between x1 
and x3, x1 and x2, o r  x 2 and x3' It is not likely bQth the yo's w i l l  satisfy 

this requirement and we w i l l  not investigate this further unless a problem 
is found to exist in the actual calculations. 

There can be a problem if x1 = x3 because of a zero in the denominator 
of Equation (11-113). In this case w e  write: 

- y 3 1  = D - G  (11-119) 2 2 

2 - ~ + ~  - 
2 

y1 - y3 
- yo 2 Y 1  - Y3 

+ (-2x1) xo + (xl 2 + y1 2 - 2Yo Y 1  + Yo 2 - D ) = 0  
xO 

(II- 120) 

(11- 12 1) 
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and  I IC\ + - - - bt - -I bt2 - 4 * at ct 
xO 2. * at  

W i t h  the "center" of the triangle determined to be (xo, yo), we may 
now determine the new center of the segment. This w i l l  be  located at: 

x = xnAn+xOAt 
S 

- 
Ys - YnAn + YOAt 

(I1 - 1 2 2) 

(I1 - 1 2 3) 

(II- 124) 

where: s re fers  to the edge segment center 
n re fers  to the original node 

= triangle area, positive i f  the triangle is to be added, 
negative if removed from the original node. 

If a trapezoid is to be added o r  removed, the location of the center is 

Two other "types" of triangles can result  during the calculation 

At 

a simple addition of two triangles and w i l l  not be discussed here. 

process, which w i l l  be referred to a s  Cases 2 and 3.  
result  in the following: 

Similar investigations 

Case 2 
A 2 90' 

B 

S 

s1 = c ( - C O S  A) 

s2 = b 

T - c  

(I1 - 1 2 5) 

(II- 126) 

(II- 1 2 7)  



Case 3 

s c - goo 

2 
- s1 s2 - s1 

= 3 (sl + s2) 

- s1 
= 3 (S1 + s2) 

s1 = b 

= a ( - c o s  C) s2 
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(I1 - 1 2  8) 

(11- 1 2  9) 

(11-130) 

(I1 - 1 3 1) 

(11- 132) 

Plate corners  w i l l  introduce no problem in mesh construction because 
of the angular construction technique. 
the node construction is of the type: 

In all  cases  along the outside edges, 

/ 
/ 

/ Grid Line 
/ 

/ 
/ 

/ 
/ 

- s; - S2Sl 
= 3(S2 + S1) 

t s2 - 
t = 3  s l + s 2  

(11- 13 3) 

(11- 134) 
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for all four corners.  
edge, and here w e  can have the following type of problem: 

However, this is not the case for the thermoelement 

’. I \  . -  
3 ’. \ 

which must be considered. The following cases  can result: 

Case two w i l l  be treated by merely adding the triangular segments to the 
adjoining segment (the increased r position) and adjusting the segment center 
location accordingly (as  previously discussed). Case one can be considered 
by the following construction: 

v 

which gives three triangle; and which may be immediately considered by 
the techniques already discussed. 
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Unfortunately, the ability ta compute the various node characterist ics 
is not worthwhile i f  the computer cannot be instructed to select the type 
of node. 

T o  determine the type of node under consideration, w e  first compare . 

An index value, nA, is assigned 
point A on the trapezoid to the thermoelement edge at the same angular 
location and the corresponding plate edge. 
according to the following: 

Location Index, nA 
In plate 1 

In TIE  2 
Outside plate 3 

Values on an edge a r e  treated a s  though they w e r e  in the plate. 
assignments a r e  then made for  points B, C and D. 

Similar 
We may then compute a 

case index", MZU, according to the equation: I I  

MZU = nD+ 3 (nc - 1) + 9 (nf, - 1) + 27 (nA -1) (I1 - 1 3 5) 

There results the values shown in Table 11-2. 
treated, and these a r e  defined in Table 11-3. 
spond to the source program statement numbers in subroutine MESHA. 
branching is performed by using MZU as the index for  a computed go to 
statement (see source statement number 24). 

The item is the case to be 
The i tem numbers also corre- 

The 



d 
'L. I 
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"A "B "C "D 

1 1 1 1  
1 1 1 2  
1 1 1 3  
1 1 2 1  
1 1 2 2  
1 1 2 3  
1 1 3 1  
1 1 3 2  
1 1 3 3  
1 2 1 1  
1 2 1 2  
1 2 1 3  
1 2 2 1  
1 2 2 2  
1 2 2 3  
1 2 3 1  
1 2 3 2  
1 2 3 3  
1 3 1 1  
1 3 1 2  
1 3 1 3  
1 3 2 1  
1 3 2 2  
1 3 2 3  
1 3 3 1  
1 3 3 2  
1 3 3 3  
2 1 1 1  
2 1 1 2  
2 1 1 3  
2 1 2 1  
2 1 2 2  
2 1 2 3  
2 1 3 1  
2 1 3 2  
2 1 3 3  
2 2 1 1  
2 2 1 2  
2 2 1 3  
2 2 2 1  
2 2 2 2  

CORNER T R E A T M E N T  CHARACTERISTICS 

MZU Item "A "B "C "D MZU 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
1 3  
1 4  
15  
16  
17 
18 
19  
20 
2 1  
22 
23 
24  
25 
26 
27 
28  
29  
30 
3 1  
32 
33 
34 
35 
36 
37 
38  
39 
40 
41 

36 
37 
38  
37 
37 
37 
39 
37 
40 
4 1  
37 
42  
68  
37 
69  

43 
37 
37 
37 
37 
37 
37  
4 4  
37 
45 
46  
47 
37 
37 
37 
37 
4 8  
49 
50  
5 1  
52 
53  
5 4  
55 

2 2 2 3  
2 2 3 1  
2 2 3 2  
2 2 3 3  
2 3 1 1  
2 3 1 2  
2 3 1 3  
2 3 2 1  
2 3 2 2  
2 3 2 3  
2 3 3 1  
2 3 3 2  
2 3 3 3  
3 1 1 1  
3 1 1 2  
3 1 1 3  
3 1 2 1  
3 1 2 2  
3 1 2 3  
3 1 3 1  
3 1 3 2  
3 1 3 3  
3 2 1 1  
3 2 1 2  
3 2 1 3  
3 2 2 1  
3 2 2 2  
3 2 2 3  
3 2 3 1  
3 2 3 2  
3 2 3 3  
3 3 1 1  
3 3 1 2  
3 3 1 3  
3 3 2 1  
3 3 2 2  
3 3 2 3  
3 3 3 1  
3 3 3 2  
3 3 3 3  

42 
43 
44 
45 
46  
47  
48  
49 
50 
5 1  
52 
53 
5 4  
55 
56  
57  
58 
59 
60 
6 1  
62 
63 
64  
65 
66 
67 
68  
69  
7 0  
7 1  
7 2  
7 3  
7 4  
75 
76 
77 
7 8  
79  
80 
8 1  

11-49 

Item 

56  
57 
5 8  
59  
37 
37 
37 
37 
37 
37 
70  
60 
6 1  
37 
37 

37 
37 
37 
37 
63 
37 
37 
64 
37 
37 
65 
37 
37 
66 
37 
37 
37 
37 
37 
37 
37 
37 
67 

I 
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TABLE 11-3. ITEM DEFINITIONS 

Item 

St at eme nt Numbe r) 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 

. 59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 

(MESHA Source Program 
Case 
8 
impossible mesh specification 
4l 
5 '  
1' 
3 
3 - 4" 
3 - 1" 
6' 
2 '  
2 
6 
2 - 5" 
6 - 5" 
2 - 1" 
1 
5 
1 - 4" 
4 
all T IE  
4 - 4" 
1 - 5" 
5 - 5" 
1 - 1" 
6 - 6" 
2 - 2" 
7' 
3'  
3 - 7" 
7 - 7l' 
3 - 3" 
all outside 
7 

2 - 6" 
7 - 4" 
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D. Steady State Calculations 

Equation (11- 16) may be rewritten in  the following fQrW in the steady 
state: 

or:  

I 
" 3  

[ T: - 0 

This can be rewritten as: 

(11- 135) 

(11- 136) 

4 - e )  + i k n +  k n +  1 ('n S T ~ +  
+ (kn + k* - T n -  l11 

, '2 , , , ,  , 

2 

k n +  k n +  1 + 

2 

Equation (11- 137) forms the basis for  the steady s ta te  Calculation for 
the thermoelement. 

The absorber and the radiator may be considered by rewriting 
Equation (11-36) for the steady state situation: 

(11-137) 
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-1 

i 

3 

[ ‘ i - 1 9 j  - T  i , j  1) = O  

where the thermal conductivity behavior has been approximated. 
consider the following: 

Now 

b r  
= Y r  = radial 

ki, j + 1 A r  i, j + 1 conductance 

= angular conductance 
A r t  

ki, j = YG i, j 
J 

r .  A 8 4 r = Ai, = surface a rea  
J 

Use of these equations allows Equation (11-138) to be rewritten as: 

(II- 1 3 8) 

(I1 - 1 3 9) 

(11-140) 

(I1 - 14 1) 

(I1 - 142) 

.4 + 

- T  ) + 
i, j (Ti, j + 1 

1 
A i , j + l  
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(11-143) 

or: 

+ 
Ti, j + 1 i, j-1 + yr i 9 j +  1 

T 1 

i 9  j 
yr t T  4 +  - 

- C e o i > j  p i p j  A. 1, j 

-1 
+ Y  0 (11- 144) 

Equation (11- 144) represents the form utilized for the steady state calculations 
of the absorber o r  the radiator temperatures. Although this equation has been 
derived by considering the difference equation which describes the plate be- 
havior, it is virtually identical to the one obtained by the computer program 
from the automatically generated mesh arrangement. The only basic differ- 
ences pertain to the determination of the conductance,which in the computer 
program, is obtained with a variable increment s ize  in the radial and angular 
directions 

Investigation of Equations (11-1 37) and (11-144) show that the temperature 
which appears on the left side of the equation also appears on the right side 
to the fourth power. This is an unstable configuration i f  the t e r m  contributes 
to a significant degree to the solution, Normally, the contribution in Equation 
(11-137) is small  and the effect is damped so  that instability does not occur 
except in extreme circumstances. This is not the case when Equation (11-144) 
is applied to  the radiator, although a problem probably w i l l  not occur in the 
absorber. The radiator rejects virtually all of the heat associated with the 
system to the surroundings via this temperature t e r m  to the fourth power. 
This represents an extremely unstable form. The instability w i l l  normally 
take the appearance of calculating a temperature on the left side which is too 
low, followed by the recalculation using the new value on the right side which 
gives a temperature on the left that is too high, followed again by one which 
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is too low, with divergence occurring very rapidly. Damping of this 
effect with this alternating type behavior is relatively easy to obtain 
by incorporating a fractional portion of the new value as computed by 
Equation (11-144) into the value which appears on the right side. This 
approach is utilized in the computer program as convergence to the 
correct  answers is obtained. 

It is not desirable to use strong damping during the entire calculation 
because this slows convergence to the correct  answer. However, cr i ter ia  
still must be applied with this type of an equation so that stability is assured 
if it is not damped. The calculation approach utilized herein w a s  to assume 
an allowed temperature change per  iteration, and damp o r  extrapolate the 
results accordingly. The application of this process to the solutions may be 
obtained by considering: 

- 4 
T new - Told + (Told) + Told 

where: 

new value of temperature 
previous value of temperature 
a l inear function of Told which need not 
a constant 

- - 

- - 
Tnew 
Told 
f 

C 

definec - - 
- - 

(11-145) 

here 

which is the type of equation that must be handled. 
change per  iteration is: 

Since the temperature 

* = Tnew - Told (I1 - 14 6) 

Equation (11- 145) becomes: 

(I1 - 147) 4 
T = f (Told) -I- c Toid 

Now consider that the calculation is to be forced so  that a change of A T' 
is to occur per iteration, and that a number of equations of the type of 
(11-147) a r e  applied to different nodes with some other node temperatures 
appearing on the right side. 
computed. If A T 
calculated according to: 

Then each of the ' A  Ti (for the ith node) may be 
is the largest of the b Ti, then all of the A Ti a r e  re- max 

A T '  =  AT^ 
new old 4 Tmax 

8 T i  (11- 148) 
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Immediately, the new temperature for  the next iteration may be obtained 
from: 

- 
i - Toldi -k new Ti new 

T (11- 149) 

This type of iteration w i l l  never converge to steady state answers 
because it automatically extrapolates s o  that the greatest  temperature change 
is equal to & T'.  Consequently, as the correct  value is approached the 
forcing technique represented by Equations (11-148) and (11-149) is removed 
from the calculation procedure and a damping factor, a s  previously discussed, 
is applied. 
mined from the user ' s  estimate of how many iterations w i l l  be required to reach 
steady state. 
number of iterations w i l l  represent the minimum number of iterations the code 
w i l l  perform. 
before it w i l l  automatically terminate the calculation procedure. 
ination occurs shortly after the estimated number of iterations has been reached, 
then the estimated value for  future problems of that type should be reduced. 

The point at which this occurs in the computer program is deter- 

This means that for most problems the u s e r ' s  estimate of the 

It w i l l  virtually always require more iterations than estimated 
If the te rm-  



111-1 

' ( 1  

: 1  
I 

3 
I 

I " Y 

111. COMPUTER PROGRAM USE INSTRUCTIOVS 

A. Data Input 

1 Introduction 

Input for this program is flexible and foy practical purposes 
need not follow any Rarticular format. 
the number of items pe r  d, the field length, etc. , a r e  entirely at the 
discretion of the user .  
Other restrictions a r e  that individual numbers must be separated by at least  
one blank, and one number may not be continued from one card to another. 
Extra blanks can be included a s  desired, since they w i l l  be ignored by the 
code. In general, however, the more compact theinput the faster  w i l l  be 
the data processing. 

The location of the data on the cards, 

mns 1-72 may be used for iqput information. 

There is no designation between fixqd point and floating point 
I '  variables in the input. 

into the machine: 
Hence, the following may all be used to read a one" 

1 

1. 
1 .0  

1. OE+O 
10. E-1 
1, +o 
10. -1 
1.000000 
+1 

+lo. -1 

1E+1 
O . l O E + l  
+O. 1E+1 
0.1+1 
etc. 

The only restriction for  inputting numbers, aside from number separation 
by blanks, is that numbers greater  than approximqtely 32,000 must be 
specified in an exponential form. 

This computer program is written in such a'manner that it may 
be readily expanded. 
programmed so  that more information can be provided than is presently 
utilized. 

Therefore,  the input sections of the' program have been 

The input description is written to be compqtible with the existing 
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input routines, and where information that is providedin the input is not 
utilized, comments a r e  made to that effect. This approach has been used 
so that a s  additions a r e  made to the program, the use instructions may be 
kept up to date by merely deleting the necessary comments. 

The input data a r e  divided into major groups, which a r e  in turn 
divided into small  groups o r  individual items. 
example *3  for  group 3) and a subgroup number defines the data to follow. 
Property tables may be read in any order,  and the length of the table need 
not be given. 
Groups and subgroups may be read ir, any desired order .  When the end of 
input data is signaled, the code w i l l  perform a logical check to be su re  that 
all of the necessary data have been read and that no conflicts have been spec- 
ified. 
begun. 

Specification of the group .(for 

The code w i l l  recognize the end of tables from the input. 

The data tables w i l l  be placed in the proper o rde r  and calculations 

Following problems may be investigated very easily when para- 
metr ic  investigations a r e  to be performed. 
to read those data that a r e  to be changed. 

The panel may be defined by reading the overall dimensions of 
each of the constituents in t e rms  of an (x, y) coordinate system oriented at 
one corner  of the panel, and by reading thermoelement length. Specification 
of the number of divisions desired for computational purposes along each 
major  dimension is sufficient for setting up a mesh. 
information to generate a mesh approximately conforming to the input speci- 
fications 

In these cases  it is only necessary 

The code utilizes this 

2,  Control Cards 

Contrcl cards  a r e  designated with a * in column one and a number 
The remainder of the card may be used for input information in column two. 

i f  desired. The following 

Control Card 

*l 
*2 

*3 
*4 

*5 

* 6  , 

*? 

*8 

*9 

designations have been established: 

Meaning 

Descriptive Information 
Dimensions 
Thermoelement Propert ies  
Other Propert ies  
Heating Infor mat ion 
Spec if  ic a t  ions 
Input complete - Part ia l  input 
for another problem follows 
Input complete, complete input 
for another problem follows 
Input complete, no input follows 
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With the exception of *7 - * 9  cards,  the information may be read in any 
desired order.  
a problem and a r e  therefore located last. 
in any order  and, i f  desired, partial information in one group may be read, 
This makes possible such input options a s  reading some *2 information, 
then some *5 information, then some more *2, etc. Further,  i f  only one 
i tem is to be changed between problems, this may be done by reading only 
that one item. Other information previously read into the machine w i l l  be 
saved unchanged with the exception of *l information. 

The ::7 - *9 cards a r e  used to signal the end of input for 
The *1 - $6 cards may be read 

It is never necessary to specify how much information is to be 

This can appear anywhere on a card, 
read before reading. 
a "2" is inserted following the data. 
and can be followed on the same card  by other numerical information. 
'first number following the 2 must be a control number (as discussed under , 

the 
of a fixed number of words. 

3 .  *1, Descriptive Information 

Termination of a group of information w i l l  occur i f  

The 

A 2 may not be used if  the information to be read consists headings). 

Information read by the *l card  is printed a s  output a t  the begin- 
ning of the problem for which it is read and is then destroyed. 
of this group must contain :$l in columns-1 and 2. 
for  any title information that is desired. 
in columns 1 and 2 although no harm w i l l  be done if  this is included. 
either case, only columns 3-72 w i l l  be printed a s  output. 
desired may be read and printed in this manner. 

The f i rs t  ca rd  
Columns 3-72 may be used 

Following cards  do not need ::I 
In 

A s  many cards  as 

It is not necessary to re read  data already in the machine since 
this information is utilized automatically. 
cussion of this point). 

(See *7 and *8 for  further dis- 

4. *2, Dimensions 

The f i rs t  number read following *2 is a control number, which 
The value w i l l  be referred to a s  C throughout the remainder of this report .  

for  C is then followed by the required information as specified in this section 
and summarized in Table 1. Another C may follow the presented information 
or a new control card may be used. 
and a s  few C ' s  a s  desired may be used, subject to the restriction that the 
dimensions must be fully described or the information must have been prev- 
iously read. 

The CIS may be read in any desired order  



I .  

i =  

i 

I11 4 

C Value 

* I  

2 
3 

4 

5 

6 

7 

8 

9 

10 

11 
12 

Data Required 

Collector thickness 

Collector dimensionsx, Y and 2 

Thermoelement dimensions 
Uo, Vo, U and V 
Thermoelement dimensions 
Uo, Vo, U, V, Ro, So, R, S 
Thermoelement length for non- 
s e gme nt e d the rmoeleme nt s 
Number of segments followed by 
lengths for segmented elements 
The r moele me nt mat e r ia l  
designations 
Radiator and edge dimensions 
Hot shoe thickness and material  
de signations 
Cold shoe thicknesses and 
material  de signations 
Mesh information 
Boundary information 

* The type 2 information used by the program in the present version consists 
of X and Y. 2 must be read, but is not used for calculations. The options 
offered under the type 4 and type 6 input a r e  not available, and C values 
corresponding to these should not be used. The type 8 information pertains 
to radiator edge thickness and edge width a s  well a s  radiator thickness. 
Only the radiator thickness is used in the calculations, although all 3 values 
must be provided fo r  proper functioning of the input. The type 9 and typi? 10 
information is used only to provide contact resistance data in the present 
version. 

. .. 
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Two types of collector plates c a n b e  considered: 

0, y 

End of Thermoelement 

Collector Plat e 

2nd a s imilar  arrangem-ent with two attached thermoelements ra ther  than 
one. In the la t te r  case the thermoelement cOrners w i l l  be specified by R 
and S as well a s  U and V. 
same a s  V, except we now describe t w o  thermoelements: 

The meaing of R is the same a s  U, that of S the 
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9 .  

Only one piece of information w i l l  be read with a C = l  type 
input, the absorber (or hot side fin) thickness. 
used a s  long as a consistent s e t  of data a r e  given for  all of the input. 
Type C=2 information reads the collector dimensions X, Y and 2 (in 
that order)  a s  shown on the following sketch: 

Any dimensions may be 

Thic knes s 

Note that 2, is not the thickness, but the total outside dimension of the plate 
edge that has been bent over. 

Type C=3 and 4 information re fers  io the thermoelement dl ?men- 
sions a s  previously discussed. 
presented under the headings in Table 111-1. If for  some reason both 3 and 
4 type information were read, an e r r o r  would result. and this case would be 
skipped. 
and type 4 information read for  a present problem, then sufficient additional 
information would be required that the problem were fully described o r  the 
case would be refused. This w i l l  be discussed further at the end of this sub- 
section, 

This information will be read in the order. 

Further ,  i f  type 3 infor,mation had been read for a previous problem, 

Type C=5 information requires the thermoelement length for 
non-segmented thermoelements. 
read, one length is required; i f  C=4, two lengths, the first for the UV T / E ,  
the second the RS T /E .  

If C=3 information has been (or is to be) 

The end of this information must be signaled by a 
2" since the code "doesn't know" how many numbers to read. I 1  

Type C=6 information is used if  segmented thermoelements a r e  
to be used. 
system (10 o r  l e s s  a r e  allowed) and this i s  followed by the segment lengths, 
If information for an RS system is required, this is read next in the same 
manner. The end of this information must be signaled by a "2". 
segments s h o d d  be read beginning at the hot end. 

The f i r s t  number read is the nurnber of segments in the UV 

The 
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Type C=7 are thermoelement material designations read in the same 
order as for type 6. 
properties read using .:3 input aqd, therefore, specify the thermoelement material. 
A "2" must  terminate this information, 

These material designations are numbers referr ing to  

Type C=8 input is three numbers, the radiator thickness, the edge 
width, and the edge thickness. 

Edge of Thickness 

\Edge Width 

<Radiator 
Thickness 

I 

These are read in the presented order .  

Each thermoelement o r  thermoelPment segment is considered to have 
the following form: 

Hot Shoe 

Thermoelectric 
Mat e rial 

Cold Shoe 

Shoe 
Thickness 

C=9 is used to  read in the hot shoe thickness followed by the hot shoe 

If R-S as well a s  U-V thermoelements a r e  used, 

mater ia l  designation. 
readings a re  repeated in the order  read  in C=7. A l l  thicknesses are read f i r s t ,  
and then all material numbers. 
the thickne5ses for the U-V T / E ' s  are read, then for  the R-S T / E ' s .  
mater ia l  designations are then read in the same order .  
thing for  the cold shoes. Note that zero  thickness shoes a r e  allowed, which is 
the same as no shoe. 
of C=9 and of C=10 information must  be specified by using a "Z". 

If multiple thermoelements o r  segments are used, the 

The 
C=10 does the same 

The end A mater ia l  still must be specified, however. 

1 

3 
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Mesh information is given through the use of C = l l .  The number of 
mesh points a r e  read for each of the dimensions in the following order :  

(1) Each collector side start ing at (0 ,O)  and proceeding in a counter- 
clo c kw is e di r e  c t i on s 

(2) Each collector side start ing at (Uo, Vo) and proceeding as 
before. 

(3 )  

(4) 

Repeat I tem 2 (above) for  R S if used, otherwise this is ignored. 

The number of mesh points in the thermoelements reading first 
the UV T / E  and then the R S T / E .  
begin at the hot end and work toward the cold end reading the 
number of mesh points per segment for the UV T/E.  Repeat 
for the R / S  T / E  if  one is used. 

If segmented T / E ' s  a r e  used, 

These data are used as guides in setting up the mesh for  calculation purposes. 
They will seldom be used exactly as specified. 
must  be less than 1000 (the collector and radiator have the sarne number of points). 
The end of this information must be indicated by a "Z". 

The total number of mesh points 

The C=12  information pertains to whether the edges a r e  exposed o r  
Ones should be read if  

The edge should be t raced startirig 
see" other flat plate packages and hence a r e  insulated. 

the edges a re  exposed, zeroes  if insulated. 
at point i0,O) and going in a counterclockwise direction. 

I 1  

A typica.1 se t  of informaxion under -'*2 could be read using the following 
c ar d s  2 

"2 1 002 2 5394 , 5 3 9 4  028 3 2452 2942 2942 5 098427 1 Z 8 0025 

1 2 0 0 0 0  
007 028 a 005 9 , 0 0 5 5  2 Z 10 a 0055 2 2  11 4 4 4 4 4 4 4 4 6 Z 

Although the entire >':2 information is shown in one place, if desired it could have 
been scattered throughout the input. Further ,  the values of C can be taken in any 
desired order ,  ra ther  than the order  taken here.  
between Z and a number, but this can be done. In general, the only restriction 
on the order  or quaniity of data is that each C group must be compleie. 
input is required and the remainder of the information was read f o r  a previous 
problem, only the C groups that a r e  to be changed need be read.  However, if 
the change in the C group changes other requirements, then these mus? be changed 
as wel l .  An example of this would be a change from one T / E  t o  two ,  
dimensional, material ,  mesh information, etc, would all be required. 

Note that blanks need not be left 

If partial 

Then new 

5 .  *3> Thermoelectric Material  Propert ies  

Allcwa-ice is made for up to 6 (inclusive) tables of thermoelectric 
Control numbers,C, are used to indicate the table number (1, 2, properties. 

3,  . . 6) and a re  followed by absolute temperature,  seebeck coefficient, thermal  

96 The sample problem is based on information given in MELPAR and the dimen- 
sions are given in inches. Any consistent set of dimensions may be used, 
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conductivity, electric a1 r e s  i s  tivity, heat capacity, density, and relative em is sivity , 
in the presented order .  
perature, then the properties at: that temperature, then another temperature, 
more  properties, etc. 
be followed by another control number if  desired, in which case another table 
can be read. The maximum total number of temperatures that can be read is 
200; the minimum number is 3. 

To read data, f i rs t  read a control number, then a tem- 

The end of a table must be indicated by a " Z " .  This can 

Linear interpolation is used in the tables. 

The temperatures can be read in any desired order,  and it is.not 
necessary to number the tables consecutively, If data for one table a r e  to be 
changed, only that one table need be reread,  the others wil l  be unaffected, 
The same table number may not be read twiee during the same reading, but, a 
table number used for a previous problem ean be reused for a present problem. 
In this case the previous table is eliminated. 

6. $:49 Other Properties 

A s  in the *3 tables, control numbers a r e  utilized t o  indicate the 
table (or  maierial)  number. The following designations a re  used: 

C 

7 - 12  
13  - 14 
15 - 1 6  

Me aning 

Shoe Information 

Radiator (Backup Plate) Information 
~ Absorber Information 

Information read by C=7  - 1 2  is a temperature (absolute) and values 
for thermal conductivity, heat capacity, density, electrical resistivity, and 
e o n t x r  resistance (in that, order-) corresponding TO that. temperature,  f ' Z t s f '  
must be used to indicate the end of eaeh table. 

The C=13 - 1 6  information is identical to C=7 - 1 2 ,  except a value 
for relative absorptivity and two values for relative emissivity a r e  read following 
the electrical  value and no contact resistance is read. The relative absorptivity 
and the - I ~  first relative emissivity will be applied to the outside (exposed) surface, 
the second relative emissivity to the internal surface,  

Other comments made in the "3 input data section a re  applicable in 
*4 data input, 

7 .  "5, Heating Information 

I 1  This information pertains to the environment as seen" by the thermo- 
electric power supply. The following designat-ions for control ni-imbers a r e  used: 

- C Meaning 

1 Solar constant (heat flux) 
2 Planet ReflectiviTy Constant (albedo! 

3 Stefan Boltzmann Constant 
4 Time 
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M eanint 

5 Mean Planet Temperature as "seent' by the plate 
6 

7 

8 

9 

Planet view factor for  radiant heat t ransfer  f rom 
the planet to  the absorber 
Planet view factor for  radiant heat t ransfer  from 
the planet to the radiator 
Planet view factor for the planet, albedo to the 
ab sorb e r 
Planet view factor for the planet albedo to the 
radiator 

10 Solar angle (Radians) 
11 Function Calculation 

The first three CIS a r e  single-valued constants, and a s  such need be 
read  only once. 
The other CIS a r e  used to  desi  nate groups, and the end of each group of num- 
b e r s  must be signaled by a " Z  . 

The end of these numbers need not be signaled by using a " Z " .  

I F  

If only one value of time (C=4 information) is read, and that time is 
If nonzero values a r e  read, zero,  then a steady state problem wi l l  be assumed. 

then at least  three values must  be read, and they must be read in increasing 
order .  U p  tc I00 (inclusive) values may be read. The lowest value may be zero. 

The C=5 - 1 0  information corresponds to  the values of t ime (C=9). 
If a constant is desired, only one value need be read. Otherwise, the same num- 
b e r  of values a s  used for t ime (C-4) must be read. 
can be obtained by considering the following brief discussion. 

The meaning of these numbers 

The solar  heat flux absorbed by a flat surface is given by: 

q = s cos i d ) & #  
= o  (111- 1) 

where: 

q = heat flux 
S = solar  constant 
5 = angle measure  from a normal to  the surface 

In this znalysis, 0 5 $  w i l l  be  taken to mean that solar heat is impinging on the 
I flf 
C. ='% will mean it is impinging on the radiator,  and 6 = - means 2 

2 

' collector; 
that no solar  heat is being absorbed, 
system from a planet is given by: 

The heat flux absorbed by the thermoelectric 
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(111- 2) 

= Stefan Boltzmann Constant 
F = Radiation view factor 
T = average planet temperature as seen by the thermoelectric 

1 

system 

The albedo heat flux is given by: 

q = S R F 2 H  

where: 

(111- 3) 

R = Reflectivity Constant (albedo) 

i 
Much of this information can be calculated if orbital parameters 

are defined, and provision is made to do this i f  desired by using the C = l l  
input. In this case, subroutine HEAT (TIME, T, PIC, FIR, F2C, F2R, 
DELTA) will be called. 

1 

I 

8. :k69 Other Data 

Information read using the :k6 designation has the following meanings: 

C M e aning - 

6 

Load resistance 
Symmetry designation 
Transient problem investigation t ime 
Minimum allowable time increment 
Maximum allowable number of iterations 
Maximum allowable temperature change pe r  
iter at ion 

7 Steady state convergence factor 
8 Frequency of long print-out in transient 

calculations 

' 1  
,$ 

i 

-. 

+ The arguments are the C=4 - 10 variables, and each is a 100 number array.  
These data should be placed in the a r r ay  in the same manner as though they 
were read,except the use of "Z'S'' is not permitted. Zeros must  be placed 
in all portions of the a r r a y  not specifically used. 
values as times must be used. 
and a dummy subroutine of the same name has been included in the deck. 

The same number of 
This subroutine is not presently available, 
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C - __ a1 e aning 

3 
. 3  

9 

10 

11 

' t  
5 
J 

12  

Frequency of short print-out in transient 
calculations 
Mesh specification: If zero  o r  negativk, the 
mesh calculations are to be performed; if equal 
to one, the mesh calculations a r e  to be  skipped, 
Node map generation designation: If zero, no 
map is generated in the print-out; if one, a map 
is generated. 
Transient- steady state designation: If one, a 
steady state problem; if zero,  a transient 
problem 

13 Convergence cri terion for steady state calculations 
14 

15 

16 

Frequency of long print-out in terms of number 
of iterations 
Frequency of short  print-out in terms of number 
of iterations 
Estimated number of iterations required for 
convergefice in steady state calculations 

1 7  Collector m-aterial number 
18 Radiator mater ia l  number 
19 Not assigned 
20 System initial temperature 

Each of these items is discussed in more detail, where required, in the following 
paragraphs . 

The load resistance,  specified by a control number equal to one, is 
that resistance "seen" by the portion of the solar  flat plate being simulated by 
the computer program. 

A control number of two refers to  a symmetry designation. Proper  
use of this t e r m  will resul t  in drastic decreases  in computation time and a 
saving of close to a factor of eight can be obtained in many cases .  
met ry  designation number is the number of nodes in a repeating portion of the 
solar  flat plate. 
Figure III- 1. 
with the thermoelement located in the center and with six nodes specified OG 

each of the four sides.  
of a symmetry number of 1 2  with this configuration would cause the computer 
program to  calculate temperatures beginning at line A 0  and continuing counter- 
clockwise to  lint; DO. No calculations would be performed for temperatures 
f rom line DO counterclockwise to line A 0  since they would be a m i r r o r  image 
of the previously calculated temperature.  Any t ime a detailed print-out was 
required, the temperatures  f rom the calculated portion would be reproduced 
in the uncalculated portion and then all nodal points would be represented in  
the output. 

The sym- 

To see exactly what is meant by this statement, consider 
This figure i l lustrates a completely symmetrical  solar  flat plate 

Each of these "rays" is shown in the figure. Specification 
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A B 

- 
Figure 111-1. Illustration of Symmetry Designation Number 

C 
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Specification of a symmetry number of six would cause calculations 

No other calculations would be performed, and a detailed 

Specification of a symmetry number of three would cause 

to be performed beginning at  line A 0  and progressing in a counterclockwise 
direction to line CO. 
print-out would be obtained in a manner similar to that discussed for a sym- 
met ry  number of 12.  
calculations to begin at line A 0  and progress in a counterclockwise direction 
to line BO. 
culations than if no symmetry number were defined or if a symmetry number 
of 24  were  read. 
solar  flat plate immediately becomes apparent. 

This latter specification would result  in a factor of eight less cal- 

The advantage of taking into account the symmetry of the 

Note that a requirement for a symmetrical  designation is that the 
lines of symmetry correspond to nodal separation lines as set up by the com- 
puter program. For example, if the number of nodes between points A and C 
were specified as five ra ther  than six, and s imilar  designations were  made for  
the other three sides, a symmetry specification of five o r  ten could be  made. 
In this case, a factor of four o r  two, respectively, decrease in the number of 
calculations would be obtained. A factor of eight decrease in the number of 
caleulations would be impossible with this designation because integer num- 
b e r s  must be  specified, and a specification of 2 .  5 would be required to take 
full advantage of the symmetry of the figure, an impossible arrangement. 

i f  a designation is given which is inconsistent with the figure generated by the 
computer program, the symmetry specification will be  neglected and calcula- 
tions will be performed for all nodes in the solar  flat plate, This obviously 
could cause a considerable increase in running time over that expected with 
a correct  symmetry designation. 

Care  should be taken in the selection of the symmetry number sinee 

A control number of three specifies the maximum time which is io 
be simulated for  investigation of a transient calculation. The problem is ter-  
minated when this simulated t ime has been reached by the computer program. 
This particular number is not used if a steady state type of calculation has been 
s pe c if ied 

time srep that is allowable for a transient calculation. 
rejected if a lower t ime s tep is required for calculation purposes. A zero  
is allowable as an input for this number if desired, and a ze ro  will be  used 
if no number is read. 

A control number of four can be  used to  represent  the minimum 
The problem will be 

A control number of five defines the maximum number of iterations 
If this number is exceeded, the problem which will be  permitted during a run. 

will be  terminated. 

The maximum temperature change per iteration that will be allowed 
is specified with a control number of six. 
f G r  both the transient 2nd the steady state utilizing this value, 
calculation, the time increment will be se?ected so that the maximum change 
in temperature is approximately the input \.due. In th& steady state, this 
value will be  the allowable change per iteration, and an extrapolation factor 
will be  selected so that this value is attained (see also the input with a control 
nwnber of 16).  

The calculations will be  performed 
In the transient 
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Input with a control number of seven is the convergence factor utilized 
for a steady state calculation, 
also the input under a control number of 16) .  

A value between 0 ,  5 and 0 .8  is recommended (see 

A control number of eight is used to specify the time separation 
between detailed temperature print-outs, 
be presented as a function of node number, and ordinarily a node map will be 
required to  interpret the resul ts ,  
culations 

The temperatures which are outputted w i l l  

This number is ignored for steady state cal- 

The time separation between concise print-outs is specified with a 
control number of nine. A concise print-out consists of the time, time incre- 
ment, iteration number, electrical  power output, electrical current, the e r r o r  
in the heat balance, the overall conversion efficiency based upon the heat re- 
ceived by the absorber and the electrical  output, the hot junction temperature, 
the cold junction temperature, the average radiator temperature,  and the average 
absorber temperature,  
a detailed print-out is output. 
nation of each problem. 
if steady state calculations are being performed. 

A concise print-out is obtained automatically whenever 
A long and short print-out is given at the termi- 

Specifications with a control number of nine are ignored 

A control number of ten is a flag which defines whether the mesh is 
The mesh must be calculated if any input has been used in to be  set  up or not, 

a problem which can change the volume of a node, the separation of one node 
from another, or the node connection arrangements. 
specified by reading a zero or  negative number with the control number of ten, 
the temperature specified as an initial condition (>$6 20) is used to  set the tem- 
perature of all of the nodes. If the mesh is not to be calculated, which occurs 
with a specification of one, then the node temperatures which w e r e  previously 
used represent the starting point of the calculations. 

If a mesh calculation is 

Changes in the following input designations do not require  the genera- 
tion of a new mesh: >k2 5, *2 7, %2 9, :k2 10, :k3, :k4, "5, :k6 1 :k6 2, :k6 3, 
:p6 4, "6 5, :$6 6, :$e 7,  :::6 8 ::e 9 ,  *6 12 ,  *6 13, :k6 14, :k6 15, :k6 16,  :::6 17 ,  
:36 18, and S7.  
generated. 

A l l  other input specifications require that a new mesh be 

A control number of 11 specifies whether a print-out of the node 
map is desired o r  not. If 
a value of one is input, then a complete map will be generated. This map will 
consist of a scale sketch generated by the computer using the output printer 
which i l lustrates the outline of the absorber,  and each of the node centers will 
be  located within this sketch to  within roughly one part in one hundred. Co- 
ordinate numbers will be generated along the sides of this map so that each of 
the nodes may be re fer red  to  by two coordinate numbers. 
generated which lists the node numbers corresponding to each of the node cen- 
ters in terms of the reference numbers generated on the map. 
resentations for  the radiator will not be generated in a map since the map 
would be identical; however, the complete representation of these in tabular 
form will be generated, 

If a value of zero is read, no map will be detailed. 

A table wi l l  be  

The node rep- 
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The data read using a control number of 13 will be utilized by the 
computer program to determiine when convergence has been achieved in steady 
state calculations. This number should be the temperature change per iteration 
that it is desired to  attain during steady state calculations. 
temperature change during an iteration has resulted which is less than this nurn- 
ber ,  the problem will be terminated. 
cation requirements, final answers are always given upon problem termination. ) 
The number input using a control number of 13 is ignored if a transient calcula- 
tion is specified. 

When a maximum 

(Note that in setting up the print specifi- 

A control number of 14 causes detailed print-out of resul ts  to occur 
The value read is the num- for both the steady state and transient calculations. 

be r  of iterations between each detailed print-out. 
function of iterations are not desired, a large number should be used. 

If detailed print-outs as a 

The information obtained by the program using a control number of 
15 is identical to that previously presented for  14, except in this case  the concise 
print-out is to  b e  described. 

i 
1 

A control number of 1 6  causes an estimate of the number of steps 
required for convergence in the steady state to be read. 
by the computer program during the calculation process. 
performed prior to reaching the number of iteration steps given in this estimate, 
a change in temperature per iteration as specified using a control number of six 
is forced. A f t e r  this estimate has been reached, the temperalure change is n u i -  
tiplied by the factor input using a control number of seven in compEticg tempera- 
ture  changes p e r  iteration, 
cannot terminate until after the number of iterations iriput under the control  nnmber 
1 6  has  been exceeded. 
number being reached. 
number of iterations performed, 

This estimate is used 
For  all calculations 

This means that the steady state calculation prccedure 

However, the convergence ra te  will be forced prior to this 
The effectiveness of this "forcing" decreases  with the 

A control number of 1 7  refers to the mater ia l  specified for the col- 
lector,  and the one under a control number of 18 refers to the radiator material .  
These values a r e  the table numbers which were input using the ::4 input. 

The initial temperature of the entire generator should be input using 
a control number of 20. 
than this restriction, any units desired can be selected, provided consistency is 
used in all input. 

Absolute values of temperature must be used, but other 

9. "7, :R8 , *g Information 

These control ca rds  signal the end of input for  a particular problem. 
If *7 is used, calculations will be performed for the data read into the machine. 
When the required computations have been completed, control will be t ransferred 
to  read further input information for a new problem. 
problem need contain only those items that have been changed from the previo-1s 
calculation. 
by new input. 

The input for the new 

A l l  of the previously read information is preserved unless rep! aced 
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The use of a +8 control card will cause behavior similar to the ::7 
card,  except the input for  the new problem must be complete. 
previously read information will be available for a new problem. 

None of the 

The $9 card signals that no input data follows. The required calcu- 
lations will be  performed, and then control will be  t ransferred back to the 
computer systems tape and the run  will b e  terminated. 

€3. PROGRAM DESCRIPTION 

1. Introduction 

This computer program is written for  an IBM 7094 which has  approxi- 
Roughly 20,000 words a r e  provided at all  t imes mately 32 ,000  words of storage. 

within the core  for  storage of variables so that the lengthy input-output of data 
required for  calculations is not necessary except to  obtain initial information or 
to  provide answers.  
memory than the remaining 1 2 , 0 0 0  words. F o r  this reason, it has been broken 
into a number of links. The main control of the computation process and those 
subroutines which require extensive use are always left in the core  of the 
machine. The other subroutines are brought into the core a s  necessary. The 
arrangement of subroutines is such that a subroutine need be brought into the 
core  only once for each problem that is to be investigated. 

However , the computer program requires  much rnore 

The nai-xes of the subroutines and the link to  which they a r e  assigned 
a re  shown in Table 111-2. The overlay construction is shown i3 Figure ZII-2. 

2 .  Main Program I 

The main program serves  basically as a calling sequence and controller 
for all subroutines. 
to  b e  cleared. It then causes the input data routines to  be  selected, selects the 
routines which process the data and s tore  it in the proper locations, sets up the 
routines which atltomatically generate the mesh, and then calls in the basic 
calculation routine. 
it either selects input for  a new problem o r  causes the machine to be  returned 
to the system control. 

It first causes all storage locations used by this program 

When calculations have been completed on one problem, 

3 .  Subroutine LENGTH 

This is a very  short  subroutine which merely computes the straight 
line distance between two points when the x and y coordinates a r e  given. 

4. Subroutine INTER 

This subroutine is used to compute the (x,y) coordinates of the point 
The straight lines are described by giving of intersection of two straight lines. 

the (x,y) coordinates of two points on each of the lines. 

, 
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T A B L E  111-2. COMPUTER PROGRAM OVERLAY 
CONSTRUCTION- 

Subrou t ine  N a m e  

&IIAIN 
POINT 
LENGTH 

INTER 
AREA 

CHECK 
PRO- 3 

PKO- 5 

HEAT 
P R O - 4  

PRO- 6 

PRO- 2 

NUMBER 
REA DIT 
UNPAK 
PACK 

SQUASH 
MESH 
MESHA 
MESHB 

MESHC 
F P M A P  
P R O P  
CA LCS 
CALCT 

L i n k  N u m b e r  

0 
1 
1 
1 
1 
2 

3 
4 
4 
5 
6 
6 

7 
7 

7 
7 

7 

8 

9 

10 
10 
11 
1 2  

1 3  
13 
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5. I- Subroutine POINT 

The basic calculations are set up using a cylindrical coordinate 
system. 
which is utilized in providing input t o  the program, 
radius and angular information being utilized in the program and converts to  
Cartesian coordinates. 

6.  Subroutine AREA 

However, it is necessary to  relate this to  the (x,y) coordinate system 
This subroutine takes the 

Each of the nodes used for  calculation purposes is considered as 

Subroutine AREA 
being located at the centroid of its assigned area .  
by considering smaller  a r eas  of triangular c ros s  section. 
computes the centroid locations in Cartesian coordinates and the surface a r e a  
from the Cartesian coordinates which describe the three corners  of the triangle. 

This latter value is computed 

7 .  Subroutine HEAT 

A s  explained in the input description section, sitbroutine HEAT is 
not presently available. 
If it is desired in the future to provide automatic calculation of the surroundings 
as seen" by the solar flat plate power supply, a suitable subroutine may be 
added at this point. The actual location of this subroutine in the link structure 
is relatively unimportant since it will only be called once for each problem. 
The data it provides is utilized in exa.ctly the same manner a s  though input data 
were provided, The calculation process is based upon a linear imerpolaiion of 
this inform ai  ion. 

However, a dummy subroutine is presently provided. 

It 

8. _ . _ ~  Subroutine NUMBER - 

This subroutine generates integer o r  decimal numbers f rom the com- 
ponents as read b y  the machine using 
furnished to  this subroutine will consist of only two portions, a sign and a signifi- 
cant figure. Subroutine NUMBER multiplies these two portions, and then s tores  
the result  in storage allocations corresponding to  the type 2 ,  3, 4, 5 ,  o r  6 input. 

A decimal o r  floating point number consists of several  portions. The 

subroutine READIT. An integer number 

exponent consists of a sign and a significant figure portion, and the significant 
figure portions consist of a sign, the integer (that portion of the number to the 
left of the decimal point), and the significant figures which occur to the right of 
the decimal point. Subroutine NUMBER compiles these various pieces to form 
the completed number and then s tores  them in the proper location a s  previously 
described for  an integer number. 

9. Subroutine READIT 

A l l  input to this program is by A-mode conversion. This enables the 
program t o  read any recognized FORTRAK character.  
causes these data to b e  read and then processes the information. 

Subroutine READIT 

The initial character on an input card  is f i r s t  checked to see  if 
has  an asterisk,  and i f  an aster isk is found, the character is column 2 is 
shifted to  the right-most position in its storage location so that the type of 

it 
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control card  may be determined. 
the entire card is printed out with a comment to the effect that an illegal control 
card was found, and the program is removed from the computer. 
card of data read is found not to  be a control card, it is assumed that the con- 
t ro l  card is missing and the problem will be refused. 
card  is found, i t  is analyzed to see  i f  this is information pertaining to input 
data, o r  i f  the information defines the end of a problem. If an end of problem 
is found, control is t ransferred back to  the MAIN PROGRAM for the beginning 
of the processing of the information which has been read  and stored in the 
machine. If the control card indicates that data are to be  processed, then the 
required action is taken. 

If an illegal character  is found in column 2, 

If the first 

If a legitimate control 

If the card read is a comment card (+l), then the first two columns 
of the card are considered to  be  blank, and the remainder of the card is printed 
as output. If the card  is determined to contain numerical information, then that 
information is processed. Each of the allowed characters  - BLANK, - >  +> a ,  

E, Z ,  0, or 1 through 9 - is checked and appropriate action is taken. 

Construction of a number first begins with a sign indication, or if 
no sign indication is found, with an integer portion.Ifa BLANK is encountered 
during the compilation of the integer, the end of the nurnber is assumed, and 
subroutine NUMBER is called. Any other allowed character will either be a 
single digit integer, a decimal point, or exponent type information. An integer 
is treated by simply shifting the previous integer t o  the left and addirig the new 
one, A decimal point merely sets a flag s o  that further integers a re  stored in 
a different location and a r e  treated as the significant figure portion to  the right 
of the decimal point. arid 
if this is found, a flag is set. Anv further information obtained after the flag is 
set, buf. 'oefTre a BL,ANKis found, is incorporaTed into the exponential portion of 
the number prior LO calling subroutine NUMBER which processes the information 
and s tores  i t  in the right location. 

Any of several  characters mav indicate an exponent 

If at any time an illegal character o r  an unallo-t;ved number is found, 

If no prob- 
or a return is received f rom subroutine NUMRER with an e r r o r  designation, 
then a check is made to determine if  any further problems remain. 
lems remain, the program is automatically removed f rom the computer, If 
further problems remain, then a flag is set  and subroutine READIT transfers  
control back to the MAIN PROGRAM. 
the portions of the machine allotted for data storage, set  a flag, and reenter  
subroutine READIT. This institutes a search process of the remaining data 
until a complete new problem is found. A t  this point, analysis will proceed. 

The MAIN PROGRAM is caused to c lear  

10. Subroutine UNPAK I- 

One of the basic  ground rules under which this computer program 
was written was that the input-output of information f rom the computer core  would 
be limited to input data and output answers. The initial processing of input infor- 
mation required the storage of a large number of one or two digit integer nl.imbers. 
This type of information requires  only a few bits in a word, and ihe remainl!>;-r of 
the word is not used. Consequently, when a shortage of e w e  storage was encoun- 
tered,  the integer numbers were compressed so  that eight were  stored in a single 
word location in the IBM 7094 memory, 
of the integer numbers to  take place. 
occur. 

Subroutine PACK causes this compression 
Subroutine UNPAK causes the inverse to 
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These subroutines require a small M A P  routine (the equivalent of 
the FORTRAN IV machine language). 
language portion are titled SQUASH and SPREAD. 
explanatory 

The two entry points of this machine 
Their functions are self- 

11 e Subroutine CHECK 

There is no way of determining the difference between a minus .zero 
and a plus zero  using FORTRAN IV. 
was written which provides a solution to the problem, 

Consequently, a small MAP subroutine 

1 2  Subroutine PRO- 2 

This subroutine is called after all of the information has  been 
processed by READIT. 
that has been input using the *2 control. 
to be  processed and stored in the necessary memory allocations which have been 
assigned for  each of the variables. A l l  of the input data are cross-checked to 
be  certain that sufficient data have been provided and that contradictory o r  in- 
consistent data have been excluded. 
of mesh points specified is also made in this subroutine. If an e r r o r  is found, 
a flag is set and control is returned to the MAIN PROGRAM for processing of 
the remaining information to determine if another problem remains which can 
be attempted. 

This particular routine processes all of the information 
The subroutine causes all of the data 

The first of several  checks on the number 

13. Subroutine PRO- 3 

The function of this subroutine is quite similar to PRO-2 except that 
the type of information to  be  stored is different. This subroutine first causes 
all of the thermoelectric information that has been previously stored in the com- 
puter memory to  be moved to a different location for  temporary storage. The 
new information is then processed and all of the property data a r e  stored in the 
designated locations. It is possible at this point that the data could have been 
input to  the computer in a nonascending temperature order ,  and consequently 
the data are immediately reprocessed so that all information is in the order  of 
increasing temperature.  A f t e r  this has been done, checks are made for speci- 
fications of duplicate table numbers on the input data. 
the information which was saved from previous problems is merged with the 
new information s o  that a complete set of data are available. If, during this 
merge process, any duplicate tables are encountered, the old tables are 
eliminated . 

If none are found, then 

Once all of the tabular information has been compiled and sorted, a 
check is made of the information which will be required during the calculation 
process. 
unavailable, a comment will be  made to  this effect and an e r r o r  re turn procedure 
will be instigated. 
be used during the calculation process. 

If it is found that information is going to be requested which is 

Otherwise, notations are set up so that the information can 

14. Subroutine PRO-4 

This calculation process is virtually identical to that previously 
discussed in subroutine PRO- 3 .  The only differences are slight perturbations 
i'n the material which is to be stored and in the references which are set up so  
that the data can be later utilized. 
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15 Subroutine PRO- 5 

This subroutine is relatively straightforward and short, and serves  
to merely s tore  the input data in the proper locations. 
sequence for subroutine HEAT 

It also contains the calling 

16. Subroutine PRO- 6 

This subroutine processes the remaining data which a r e  necessary 
for the utilization of the computer program. 
information is preceded by a control number which is then utilized in subroutine 
PRO- 6 for storage information purposes. 

In each case,  each piece of data 

17 .  Subroutine MESH 

This subroutine contains the beginning of the automatic mesh genera- 
tion procedure, 
the center of the thermoelement with its corners.  and the center of the thermo- 
element with the corners  of the attached plate, The number of points specified 
for  the edges of the plate and thermoelement a r e  next investigated to determine 
the more stringent requirements. When this has been obtained, the previously 
calculated angles a r e  divided up into small  segments. 
smoothed by an iterative process so that the accuracy of the calculations will be 
improved. 

The first i tems which a r e  computed a r e  the angles interconnecting 

The segments a r e  next 

Once these calculations have been done, it is possible to compute the 
radi i  corresponding to  each of the angular segments at the intersection of the 
thermoelement and the plate, and at the plate edge, These a r e  stored at the 
proper locations and then the angular segments a r e  integrated to  provide the 
angle between a line connecting t h e  center of the thermoelement with the Car- 
tesian coordinate point (0,  0), and the angular segment. When this calculation 
has been completed, and an average angular segment s ize  has been determined 
for calculation purposes, control is transferred back to the MAIN PROGRAM 
which then immediately calls subroutine MESHA e 

18, Subroutine MESHA 

This subroutine continues the calculations which were begun in sub- 
It first causes the stored locations assigned for the areas ,  the 

It then selects the first 
routine MESH. 
centroids, and the inside and back length to be cleared. 
node and assigns a trapezoid to  the node. 
the trapezoid corners a r e  assigned and each of the corners is investigated to 
see  whether it l i es  within the plate, within the portion of the plate assigned to  
the thermoelement, o r  outside of the plate, 
these determinations is made. 
statement so that the proper breakdown of the trapezoid into triangles for cal- 
culation of a r ea  and centroids is obtained. 

The Cartesian coordinates of each of 

An index is set  up as each of 
This index is next used with a computed "GO TO" 

(See Section 11-C, 1 

During this calculation process, several  nodes will be obtained which 

Suitable indices a r e  set  up so 
a r e  totally within the a rea  assigned to the thermoelement,and others wil l  be  
obtained which are totally outside of the plate. 
that these nodes a r e  not referred to or incorporated into the calculation process. 
Further,  several  logical calculations a r e  made to assure  that the memory 
allocation assigned for  the storage of node information is not exceeded. 
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When the calculations in this subroutine have been satisfactorily completed, 
t ransfer  is made back to the MAIN PROGRAM which then calls in subroutine 
MESHB. 

19 Subroutine MESHB 

A number of very small nodes can be readily obtained during the 
previously described calculation process. 
portions of the trapezoid either being within the thermoelement o r  outside of the 
plate, will contribute nothing to  the calculation, and indeed could considerably 
slow the calculations. Consequently, they are combined in this subroutine with 
adjoining nodes in such a manner that accuracy is for  practical purposes not 
compromised. 
with its nearest  neighbor. If a factor of four difference in the s ize  is obtained, 
and certain other c r i te r ia  are also satisfied, then the node is combined with its 
neighbor. This combination process consists of the addition of the areas, and 
the weighted relocation of the node centroid in the Cartesian coordinate system, 
Information must also be incorporated for the logical calculation of the c ros s  
sectional area common to  one node and its neighbors. 

These nodes, which can result  f rom 

This joining process is made by comparing the s ize  of a node 

When this information has  been compiled, t ransfer  is made back to  
the MAIN PROGRAM which then calls in subroutine MESHC. 

20. Subroutine MESHC 

This subroutine computes the area-to-length ratios necessary for 
the future calculation of conductances between the various nodes. It also sets 
up the initial mesh temperatures and finishes setting up the boundary informa- 
tion which is required. 

2 1 Subroutine F P M A P  

This subroutine generates a scaled map of the mesh arrangement 
which has been generated by the computer program. The map is caused to be 
printed on output paper  to a precision of approximately one pa r t  in a hundred, 
Tabular information which will later enable the user  to relate temperatures to  
specific positions is also presented. 

22. Subroutine PROP 

This subroutine provides l inear interpolation of all input data which 
is either a function of temperature o r  a function of time. It is utilized during 
the calculation process so  that the physical properties of the absorber,  radia- 
tor,  and thermoelement are treated as temperature dependent variables. 
Transient characterist ics as generated by subroutine HEAT o r  as described 
in the input are also processed in this  subroutine. 

23 .  Subroutine CALCS 

This subroutine constitutes the main steady state calculation pro- 
cess  of the program and is the portion of the program where most  of the steady 
state calculation time is expended. 
property evaluation, steady state calculation, and print- out of resul ts .  

It is broken into three portions: mesh 
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The properties of the absorber, radiator, and thermoelements are 
determined by calling subroutine PROP. 
pute conductances between each node and its interconnected nodes, the heat 
capacity of the node, and the surroundings information (such as solar  input, 
albedo, planet input, and heat rejection f rom the exposed surfaces). When these 
data have been computed, a number of other characterist ics which will be neces- 
s a r y  are computed and stored (such as temperature to the fourth power). 

These properties are utilized to  com- 

The calculation is begun by first considering the hot junction node. 
The conductance for  this node to all of the suorrounding nodes is obtained by 
integrating with respect to angle through 360 
tion has been incorporated), The conductance to  the thermoelement is next 
computed, and the various effects such as Peltier cooling and contact resistance 
heating a r e  included. The calculation of a new temperature immediately follows 

(o r  less if a symmetry specifica- 

The calculation of the cold end node temperature is virtually identical. 
Once this has been computed, the thermoelement calculations are made on a node- 
by-node basis,  and then the absorber calculations are made. 
tions are utilized for the absorber as for  the radiator, and the radiator is com- 
puted by merely resetting some indices and using the same equations. 

The same calcula- 

Once new temperatures have been obtained, they are multiplied by 
the extrapolation factor and checks a re  made to determine whether further cal- 
culations must  be performed. 

The generation of print- out information is relatively straightforward 
and will not be discussed in detail. 

24. Sub routine CAL CT 

This subroutine performs the transient calculations for the program, 
and most of the calculation time for  this type of problem will be spent here.  The 
routine is very similar to subroutine CALCS, discussed in the previous subsec- 
tion, and the only basic difference is the addition of heat capacity and time terms 
to  the steady state calculation. 
and need not be discussed further. 

The calculation process is virtually identical 
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IV. CALCULATIONS PERFORMED USING THE PROGRAM 

A. Sample Problem 

The input data for a sample program and the resulting computer output 
Figure IV-1 shows sample input data are presented in the following pages. 

for the calculation of the characterist ics of a repeating section of the present 
solar flat plate configuration. This specific problem did not contain a request 
for a map of the array.  The a r r a y  which would have been generated is shown 
in Figure IV-2 which was obtained from a previous computer run. 
gives map coordinates, x - y coordinates, and the node number. Also shown 
a r e  the summary resul ts  when convergence was obtained. 
state problem, the time and time increment a r e  meaningless. The iteration 
number indicates that it took 2456 iterations for the specified convergence to 
be obtained. The power output from the repeating section was  0.00566 watts, 
the current was 0 .  373 amps, and the fractional e r r o r  in the answer obtained 
by comparing with an overall heat balance was 0.00259. 
based upon the heat absorbed by the panel is 2.63 percent. 
temperature computed was  9220R, and the cold junction temperature 636OR. 
These compare to an average absorber temperature of 937OR and an average 
radiator temperature of 624OR. These average temperatures were obtained 
by a weighting of temperature to the fourth power so that the t rue heat r e -  
jection characterist ics of the surfaces a r e  obtained. The computer printout 
which gives the detailed temperature distribution is also shown in Figure 
IV-3. 
by referr ing to the previously generated node numbers. 

or four nodes on a side. 
shown in Figure IV-4 and Table IV-1, that for a four node specification in 
Figure IV-5 and Table IV-2. 

Figure IV-3 

For  this steady 

The overall efficiency 
The hot jugctiaa4&i 

The location of each of the presented temperatures may be obtained 

Similar resul ts  a r e  obtained i f  the node specification is changed to three 
The node map for a three node specification is 

B. Comparison with Previous Calculations 
.I. 

Fuschillo". has presented an analysis of the Solar Flat  Plate Generator 
using manual calculation techniques. 
alysis which has been published, it will k e  used as a basis for comparison. 

Since this is the most complete an- 

.b ',' 
Fuschillo, N. ,  R. Gibson, F. K. Eggleston and J. Epstein, "Flat Plate 

Solar Thermoelectric Generator for Near -Earth Orbits, I '  Advanced En- 
ergy Conversion, Vol. 6, pp. 103-125, 1966. 
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coor dihate s coordinates number 

. . - _ _ . _ . . _ - I  I____- __i 1-1---- -- - -  
13 38 0.6211E-01 Oo2284E-00 110 
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74 4.0 0.36134E-00 002091E-00 ~ 38.--...--.- 
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- 49 _ _  50 002401E-OCL 0012066-00 _ _  1 8  _-.- 

" "  8 _.__-- 53,-. 0e3434E-01. --Oo9641E-01 m _ . L _ .  118 ---- 

26 --i 

. -- -- 

BV-9 
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An examination of the data presented by Fuschillo shows that thermal 
conductivity data a r e  not presented for the thermoelements analyzed. 
Further,  use of the thermoelectric properties presented in his Figures  8 
and 9 is not always in agreement with the mean property values utilized 
for the calculations. 
calculations, the data have been obtained by "back calculations" from his 
resul ts .  

solar flat plate panels. 

Hot Junction Temperature (Th) 520°K 

Absorber Relative Absorbtivity ( OC a) 
Absorber Relative Emissivity ( € a) 
Cold Junction Temperature (Tc) 350°K 

. 

Consequently, to provide the same basis  between the 

A design point is selected by Fuschillo on page 112 for the manufactured 
They a r e  stated to have the following characterist ics:  

0. 82 
0.08 

Radiator Relative Emissivity ( r )  0.95 

Average Figure of Merit (z) - 3  oK-l 1 . 3  x 10 
0. 67 
3. 3 watts/ft 
30 cm 

2 ZTh 
Power Output 
Plate Area (A) to Length (1) Ratio 
Open Circuit Voltage (Vo = S A  T, 

Internal Plate Relative Emissivity 0.03 
S = Seebeck Coefficient) 64 Volts 

Examination of these data shows that Fuschillo's Figure 7, line D is appli- 
cable. 
element thermal conductivity. 
ductivity of the thermoelement to be calculated. 
known, and by definition: 

This yields a value o f % A / l  = 0. 31 where E is the mean thermo- 
This immediately allows the thermal con- 

Since z and E a r e  now 

- s2 Z =  

P k  where = Seebeck voltage; P= electrical  resistivity 

We  find: 

watts 
-52 - = E  Z = 1 . 4 4 0 ~ 1 0 - ~  2 OK2 cm - 4 

From Fuschillo, page 112, for these temperature conditions: 

V 0 = S b T = 6 4 ~ 1 0 - ~ v .  



where Vo i open circuit voltage; T = T - T h C 

Now: 

64,,x = 3.82 x ~ / O K  = 520-350 

The length of the thermoelements is 0. 25 cm. An area  to length ratio 
of thirty (30) yields a corresponding plate side dimension of 2. 74 cm. Since 
the repeating section analyzed by the code is one fourth of the area,  o r  one 
half of the side dimension, the repeating section analyzed is 1. 37 cm which 
is very close to the value presented in Fuschillo's Figure 11 for the thermo- 
elements which have been constructed and which a r e  analyzed herein. 

Fuschillo' s analysis, a s  shown in his Figure 1, is based upon a load 
resistance equal to the internal thermoelement resistance.  
thermoelement is 0.25 cm long and has a cross sectionalareaof (0.1245) cm , 
the resistance is: 

Since the t e s  ed i 

These data have been utilized in a computer run with the code modified 
to hold the hot and cold junction temperatures a t  520°K and 350°K, respec-  
tively. 
to that predicted by the cQde under these conditions, 

input data, 
IV-A. 
Fuschillo's Figure 2 is shown in Table IV-3. 
computer resu l t s  for the average collector temperature and Fuschillo' s 
calculations a r e  virtually idyntical. The computer predicts an average 
radiator temperature that is 30K lower, a hot junction temperature that is 
80K lower, and a cold junction temperature that is 3OK higher. The effect 
is essentially due to temperature gradient in the radiator and collector, which 
is to be expected. Since the average collector temperature is by definition 
that temperature which represeqts  the overall collector from a radiant heat 
rejection standpoint, the agreement between the manual and computer calcu- 
lations is to be expected. The temperature decrease to 512OK at  the hot 
junction and the increase to 353OK at the cold junction resul ts  in a lower 

The thermoelectric behavior predicted by Fuschillo was identical 

The full calculational capabilities of the code were used with the same 
These resu l t s  were presented as the sample problem in Section 

A comparison of the calculated temperatures and the resul ts  f rom 
It is interesting that the 
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temperature differential across  the thermoelement. 
a six to seven percent decrease in the power output. 
difference in the average radiator temperature is probably due to the 
c ros s  sectional area employed. 
used by Fuschillo and that utilized herein of one percent in the linear side 
dimension would account for this difference. 
the slightly higher average collector temperature 

This in turn causes 
The three degree 

A difference between the actual number ' 

It would also account for 

Table IV- 3 Comparison of Computed Temperature Data 

Item Fuschillo Code 

Hot Junction Temperature, OK 

Cold Junction Temperature, OK 
Average Radiator Temperature, OK 

Average Collector Temperature, OK 

520 512. 39 
3 50 353.12 
350 346. 83 

520 520. 61 

C. Transient Behavior 

A transient investigation was  conducted to estimate the time required 
for the solar flat plate to reach i t s  steady state -value and also to investigate 
how rapidly the power dropped when the solar input was removed. The heat 
up curve shown in Figure IV-6 indicates that the power output is to within 
90 percent of the steady state value in 100 seconds and is approaching the 
steady state value at 200 seconds. The cool down curve indicates that the 
power output drops extremely rapidly when the solar flux is removed and 
is approximately one half of the steady state value within 15 seconds. 

D. Paramet r ic  Investigation With Constant Propert ies  

Variation of the design parameters  is of particular interest  to this 
program because of i t s  extensive calculational capability. 
sented in this section a r e  based upon the bismuth telluride data which have 
been utilized for the previously presented calculations. 

The effective changes in the collector and radiator thickness a r e  
indicated in Figure IV-7. 
a collector thickness of 0. 002 in. and a radiator thickness including the 
effect of the stiffening r ib  of 0. 0025 in. 
in the Figure. 
plate. 
useful load compared to the energy intercepted by the plate. 
expected, the effect of increasing collector thickness o r  radiator thickness 

The data pre-  

The present configuration is considered to have 

This operating point is indicated 
The power output shown is for one repeating section of the 

As would be 
The efficiency is based upon the electrical  power produced at a 
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is to increase the power outpvt as W e l l  a s  the efficiency. 
relatively flat wi$h respect to thickness f Q r  small  changes (the scales  in 
Figure IV17 may be somewbat misleading). 
ness  of bath collector and radiator from 0. 001 in. to 0.004 in. resul ts  
ip a ten percent increase in the power output, which indi t e s  that larger  . 
changes a r e  qot negligible. 

The effect qf changing the thermoelement length with all other para-  
me te r s  constant is indicated in Figure IV-8. 
shows that the overall efficiency of the Configuration will  increase as the 
thermoelement length is increased. This particular effect could not be ob- 
served utilizing the approach taken by Fuschilld because of his assumption 
that the internal load resistqnces were equal. 
efficiency for conversion of heat to qlectricity with thermQelement s occurs 
when the load resistance is approximately twenty to forty percent greater 
than the internal resistance of the theq-q-ioelements. This occurs because 
of the secondary effect of Felt ier cooliqg which is increased by increasing 
current.  
an optimum configuration with respect  to the thermoelement area  to length 
ratio since the efficiency and power are inclre8sing as the thermoelement 
length increased. 
is also not an optimum. This would indicate that fu  r axlalys'is should .. 
be employed to geherate a more optimum configura 

The effect is 

Hpwever, a change in thick- 

This figure immediately 

It is kpown that the best 

Figure IV-8 indicqtes that the present thermwelements a r e  not 

Further,  the load resistqqce ufil'ized for this combinatibn 

The effect of changing thq load resistance is shown in Figure IV-9. The 
present oper8ting poiqt occurs with a load resistance of 0.0407 ohms. 
figure indicates that the power osltpvt and efficiency will increase with in- 
creasing load resistance with ? maximum in the vicinity of 0. 05 ohms. 
This value i g  in the range of the optimum ratio of external to internal load 
which would normally be expected. The effect of contact resistance or  
other internal resistances i g  also indicated in Figure IV-9. 
the need for minimizing such resistances,  and also strangly emphasizes 
the need for including them in calculations i f  realist ic answers are to be 
obtained. 
sented in this analysis have assumed a qero contact resistance and have 
additionally assumed no wiring resistance.  

This 

This indicates 

It perhaps should be emphasized thqt all previous answers pre-  

?3. Parametr ic  TqvFstigations Conducted With 
'Variable Bismuth- Telluride Proper  t i es  

Bismuth-telluride properties slqould not be represented as constants 
for parametric studies, partioularly when the temperature cqn ahange dras-  
tically, because 
Typical bismuth-telluride data are showq in Figures IV-Id through IV-12. 
The thermal conductivity infprmation principally is based upon estimates.  
These data have been qtiliged in several  additional parametric stpdies. 

several  of the variqbles a r e  immediately being ignored. 
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The effect of variations in the collector and radiator thickness is shown 
in Figure IV-13. 
pared to the previously presented information is due to the data used, a mis- 
matkh in the load resistance, and the configuration being further removed 
from optimum than w a s  previously the case. This effect is further indicated 
in Figure IV-14 which indicates the effect of changing thermoelement length. 
The steepness of the power output curve with respect to thermoelement 
length indicates the distance that the indicated design point is removed 
from the optimum point. 

data is indicated in Figure IV-15. 
in regard to contact and wiring resistancewremain unchanged, However, here 
i t  is seen that the power output, and hence the efficiency, is decreasing with 
increasing load resistance.  
the bismuth-telluride used for these calculations was lower than the pre-  
vious values, and the optimum load resistance is on the opposite side of the 
operating point. 

The effect of changing the plate a rea  while holding other independent 
values constant is shown in Figure IV-16. A s  would be expected, the power 
input increases  with increasing surface area because this allows the collec- 
tor to run hotter while the radiator r u n s  cooler. Of particular interest, 
however, is the effect of changing the a r e a  on power density. Here, it is 
seen that a maximum is obtained as the a rea  is properly matched to the 
thermoelement characterist ics.  
of considering the variation of plate a rea  on the power density. 
expected that the effect of plate thickness has a ra ther  large effect on the 
optimum a rea  because of the temperature gradient which would occur. 

is necessary to optimize with respect to thermoelement length, thermo- 
element c ros s  sectional area,  load resistance, and plate area.  Further,  
the effect of plate thickness will  have a perturbing effect on the conclusions. 
In general, the thicker the plate, the more  attractive will be the perfor- 
mance, but the heavier will  be the resulting solar panel. 

The reason for the lower power output of these runs a s  com- 

The effect of changing load Sesistance and contact resistgnce with these 
The conclusions prpviously mentioned 

This is taking place because the resist ivity of 

This immediately indicates the importance 
It is further 

These parametric studies show that to realize the best performance i t  

F. Solar Flat  Plate Using Silicon-Germanium Thermoelements 

Application of the solar  flat plate to produce electrical power for 
missions close to the sun is particularly attractive if  high temperature 
thermoelements a r e  utilized. Bifano':: has  reported results for several  
investigations at  varying distances from the sun. Two of h i s  investigations 
have been selected for comparison purposes, at 0 .388  and 0.25AU f rom the 
sun. 
present silicon germanium data, data for  this mater ia l  was obtained from 

Typical characterist ics a r e  presented in Table IV-4.  Since he did not 

J. 1- 

Bifano, William J. , "Analysis of Solar Thermoelectric Flat-Plate 
Generators Operating in the Rapge of 1. 0 to 0. 1 Astronomical Unit", 3 - 3 4 7 8 ,  
Lewis Research Center, NASA, Cleveland, Ohio. 
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RCA for  purposes of the calculation. 
through IV- 19 (inclusive) 
with the exception of the internal surface a r e  shown in Figure IV-20. 

These data a r e  presented in Figures IV-17 
The collector and radiator surface characterist ics 

TABLE IV-4. SOLAR FLAT PLATE CHARACTERISTICS FOR 
HIGH TEMPERATURE APPLICATIONS 

Case I: Distance from Sun = 0. 388AU 

Collect or  Material 
Radiator Material 
Thermoelement Material 
Collector Thickness 
Radiator T hi ckne s s 
Thermoelement Length 
Cpllector o r  Radiator Side Dimension 
Thermoelement Side Dimension (equivalent) 
Interplate Relative Emissivity (assumed) 
Solar Flux 

Molybdenum 
Molybdenum 
S il icon - Germ ani urn 
0. 005 in 
0. 005 in 
0. 24 in 
0. 804 in 
0. 088 in 
0. 03 

6w/in 2 

.L .,. 
Case 11: Solar Distance = 0. 25AU 
Plate Side Dimension 0. 574 in 
Thermoelement Side Dimension (equivalent) 0. 088 in 

2 Solar Flux 14. 4w/in 

.I. 1- 

NOTE: All  other i tems identical to Case I values 

A comparison of the characterist ics computed by Bifano and those 
obtained by the computer program is shown in Table IV-5 for the Case I cal- 
culations. 

TABLE IV-5. CALCULATED RESULTS FOR 
SOLAR FLAT PLATE AT 0.388AU FROM THE SUN 

Item Bifano Computer Program 

Hot Junction Temperature (OR) 1660 1544.5 

969. 40 Cold Junction Temperature (OR) 1000 
Collector Temperature (OR) 1660 1581.9 
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TABLE IV-5. SOLAR FLAT PLATE CHARACTERISTICS FOR 
HIGH TEMPERATURE APPLICATIONS (CONTINUED) 

Item - Bif ano Computer Program 

Radiator Temperature (OR) 1000 935.9 
Power Density Based Upon 
Plate Area (watts/ft2) 17 11.9 

The difference between the calculated power output is due to the decreased 
temperature difference across  the thermoelement which was  predicted by the 
computer program. 
predicted by the computer program as compared to Bifano's calculations is 
due to the relative absorptivity of 0.85 which he used compared to the lower 
values used in the code. 
of the temperature difference in the collector and radiator from the center to 
the edges. 
ac ross  the thermoelement which in turn decreases  the output power. 

The reason for the sizeable drop in the collector temperature 

A secondary drop in the power output occurs because 

Both of these effects act to decrease the temperature difference 

No attempt was made during this investigation to optimize the thermo- 
element shape with respect to the a rea  to length ratio o r  the thermoelement 
dimensions with respect to the plate area.  
varied to assure  that the maximum power was  being generated. 
presented in Table IV-5 were based upon the best load resistance. 

However, the load resistance was 
The d 

The Case I1 calculations are summarized in Table IV-6, Again, 
most of the reason for the difference between the computer predicted power 
output and that shown by Bifano is due to the lower temperature difference 
across  the thermoelement. This principally resul ts  from the lower collector 
temperature predicted by the computer, but secondarily results from the tempera- 
ture  gradient across  the plate which Bifano' s calculation could not investigate. 
Again, the computer resul ts  a r e  based upon an optimized power output with 
respect to variation of the load resistance. 

TABLE IV-6. CALCULATED RESULTS FOR SOLAR FLAT PLATE 
AT 0.25AU FROM THE SUN 

Item B if ano Computer Program 
Hot Junction Temperature (OR) 2060 1909.5 
Cold Junction Temperature (OR) 1245 1208. 3 
Average Collector Temperature (OR) 2060 
Average Radiator Temperature (OR) 1245 

1947. 7 
1174. 1 

Power Density Based on 
Plate Area (watts/ sq. ft. ) 49. 5 38. 1 
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V. CONCLUSIONS 

An accurate mathematical model Qf the solar flat plate has been obtained 
and a computer program written for the IBM-7094 has been utilized to obtain 
solutions for the mathematical model. 
closely with the experimental data which are available. Good correlation be- 
tween the computer calculations and the previously available manual calculations 
have been obtained when suitable restrictions were. placed upon the model utilized 
by the computer so that it corresponded to that upon which the manual calcula- 
tions were based. Full use of the computer code capabilities shows a slight 
decrease in performance from that predicted for the existing configurations 
with manual calculations. 

The predicted characterist ics agree 

A number of calculations a r e  possible with this computer program that 
previously could not be made. 
resul ts  from movement f rom shade to  sun or vice versa  conditions may be pre-  
dicted. The effect of variations in the absorber and radiator thickness can be 
determined s o  that t rue optimization with respect to weight can be considered. 

Computer program input is very simplified and a comprehensive lpgical 

Comprehensive para- 

Transient behavior of the solar flat plate which 

analysis of the input data is built into the code. Input data a re  read independent 
of format or the manner in which the data a r e  written. 
metr ic  studies may be easily obtained because only those data which a r e  changed 
from a previous run need be read by the computer program. Sufficient storage 
capability for tabular information has  been incorporated into the computer pro- 
gram s o  that physical property data for several  mater ia ls  of interest  may be 
stored and re fer red  to  by the computer as  desired. 

Although the program in its present form is quite generalized and appli- 
cable to most situations, i ts  application to  segmented o r  multiple thermoelements 
or the automatic calculation of orbital characterist ics is not at present possible. 
These applications have been anticipated in developing the program and sufficient 
flexibility has been incorporated into the coding techniques SQ that the modifica- 
tions may be made in a straightforward manner,if desired, at a la ter  date. 
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APPENDIX A 

Discussion of the Selection of a Coordinate System 

Two basic approaches may be utilized in the solution of a heat conduction 
problem using numerical techniques. 
resents the starting point, and the differential equation is expressed as a 
difference equation. 
In the second, the geometry which is to be analyzed is broken up into a number 
of small  volumes, and each volume is considered to be represented by the 
properties of a point assigned within the volume. 
called nodes and a r e  considered as being interconnected to other nodes by 
conductances. 

capacitance'' of the volume, which may be obtained immediately from the heat 
capacity, the volume and the density. Representation in this technique essen- 
tially analyzes the equivalent electrical  circuit to the heat conduction problem. 
Either approach should yield identical results i f  the analysis is applied properly. 

In the first, a differential equation rep- 

This is solved by using suitable calculation techniques. 

Normally, the points a r e  

The transient behavior of the volumes is represented by the 
I1 

The differential equation applicable to the solar  flat plate absorber o r  
radiator is second order  with respect to x and y in the Cartesian coordinate 
system. This means that if it is reduced to a difference equation, the temp- 
e ra tures  in the steady state representation for a central node and four surround- 
ing nodes w i l l  appear if  a Taylor s e r i e s  expansion of the second derivative is 
used and higher order  t e rms  a r e  neglected. It is common practice to solye 
equations of this type using equal spacing between all node centers. 
absorber o r  radiator surface a rea  is large compared to the c ross  sectional 
a r ea  of a thermoelement, a node size that was uniform everywhere would be 
determined by the minimum node s ize  acceptable along a line of intersection 
between the thermoelement and the absorber o r  radiator, because the heat 
flux is highest at this line. 
number of nodes being required for the analysis of the heat conduction. 
though there is nothing wrong with this insofar as accuracy is concerned, 
the computation time increases very rapidly a s  the number of nodes is 
increased because the number of iterations required to attain suitable con- 
vergence becomes very large. 

Since the 

Such an approach would result  in a very large 
Al -  

A l l  of the heat absorbed at the hot end of the thermoelement must be 
conducted to that position from the absorber plate. 
end is small, the assumption was made that the thermoelement temperature 
a t  the hot junction could be represented by a single value. It is therefore 
reasonable to assume that the entire portion of the absorber formed by an 
extension of the thermoelement peripheral surfaces perpendicular to the 
plane of the absorber is also a uniform temperature region. This means 
that all of the heat collected by the absorber, with the small  exception of 
that which is radiated directly to the small  uniform region, must be conducted 
through this "thermoelement peripheral area". The heat fluxes in this region 
w i l l  be quite high, a s  w i l l  the temperature gradients, 
is selected which is perpendicular to the periphery of the thermoelement and 
lies within the absorber, and one investigates temperature gradient while 
traveling along this path away from the thermoelement, i t  w i l l  be found that 
the gradient lessens and approaches zero at  the edge of the absorber. 

Since the thermoelement 

If an imaginary path 

Since 
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the gradients a r e  smaller further away from the thermoelement, larger  
sections of the absorber could be selected to be represented by a single 
node and an acceptable accuracy would still be attained. 

section assigned to a node is increased with increasing distance from the 
thermoelement. This wi l l  considerably reduce the required computation 
time withlittle o r  no loss  in accuracy. 
most easily understood by considering the electrical  analog to heat t rans-  
fer which x a s  previously mentioned. 

This immediately 
suggests that a numerical technique is desired wherein the size of the - 

An approach of this type is perhaps 

In utilizing this approach, it is vitally important to represent each node 
in a suitably designed configuration, 
it may appear that a somewhat a rb i t ra ry  approach is being taken, it is sti l l  
necessary to mathematically represent  the behavior. A haphazard sort of 
arrangement of interconnecting the nodes will  not reduce to the necessary 
differential equation when the node size is allowed to approach zero. If the 
differential equation is not realized, then the required numerical solution may 
also not be realized. 

It must be remembered that even though 

t 
' d  

We therefore res t r ic t  the discussion for the present time to the selection 
of rectangular nodes which f i t  within the rectangular geometry which describes 
the absorber and connected thermoelement. 

If we f i rs t  consider that a large number of nodes must intersect the 
thermoelement-absorber intersection, and we wish to reduce the number of 
nodes as the distqnce from the thermoelement is increased, an arrangement 
of the following type can occur: 

Although this reduces the number of points required for calculation purposes, 
we notice there a r e  still  a large number of extra points not required for 
accuracy. The ability to eliminate these is also important. 
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We now consider the following mesh point arrangement and surrounding 
a r e  a: 

If the points A, B and C a r e  properly interconnected so that this mesh is 
the equivalent of: 

then we can con 
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Here we see  that the number of points is high near the thermoelement 
where the heat fluxes are high, and becomes lower a s  one moves away 
from the high heat flux area.  
number of mesh points reduced further. 

To introduce "no" e r r o r  in the system means that the conductances 
(or  resistances) of each of the grids must give identical behavior of the 
mesh. Further,  the capacitances associated with each of the points must 
also give the 
further complicated by the addition and loss of heat over the surface, which 
must also be included. Immediately, it is seen that the connecting of the 
mesh points is not just an arbi t rary selection, but must be done carefully 
with a complete understanding of the heat conduction problem. 

The accuracy is maintained, and the 

1 1  same" overall mesh behavior. In our case, the grid is 

For  this system to work properly, the electrical  circuits shown in 
the following sketch must be identical: 

F 
Exact" Mesh I 1  Reduction of Points Mesh 

This requires careful calculation of all of the individual connectors, 
capacitances, e tc . ,  a problem generally ignored. 

These circuits may be analyzed considering the following configurations: 

Circuit 1 
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Circuit 2 

1 5  
With the additional stipulation that the point C be chosen such that: 

I x4 

W h e r e  I = current, R = resistance, the f i r s t  direction 
an arrow. W e  f i r s t  compare circuit 3 to: 

Circuit 3 

of which is indicated 

Circuit 4 



Immediately we see that: 

VD - 115 R3 = VF 

VD - 120 R4 - 122 R4 = VF 

Subtracting: 

P - 
Similarly: 

Further: 

'14 R1 + [I21 - '203 R4 = 

'16 R 3 - F i 3 + I 2 n  R4 = 0 

-Il7 R1 + [-I22 + 12J R4 = 0 

- 
'20 - '14 + '15 

- 
'21 - -I14 + '16 

Using this, Equations (A-3) through (A-6) become: 

A-7  

(A-11) 

(A-12) 

(A-13) 

r i  
t 
I 



1 

which can be rewritten: 

Now subtract Equation (A-17) f rom (A-15): 

Immediately: 

Finally, subtract Equation (A - 18) f rom (A - 16): 

R1 R4 = - 2 

A-8 

(A-14) 

(A-15) 

(A-16) 

(A-17) 

(A-18) 

(A-19) 

(A - 20) 

(A-21 

(A - 22) 

But Equations (A-20) and (A-22) contradict unless R1 = R3, which immediately 
indicates that circuits 3 and 4 cannot be made equivalent except for square 
a r rays ,  a prohibitive requirement since a non-square rectangular mesh is 
necessary for  the general case. 
cated in  configuration 2 cannot be converted to configuration 1 with the 
connecting point (C) in the center of the block (the circuit 3 requirement). 

It is concluded that a mesh of the type indi- 

We therefore reject  the requirement that w e  expand in both directions 
at once, and instead consider the change from configuration 2 to 3: 
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Configuration 2 

which have the equivalent circuits: 

f *2 
L 

Configuration 3 

Circuit 5 Circuit 6 

Here w e  require that: 

Circuit 7 

since C is at the midpoint of D and E, and further that: 



R1 R4 =- 2 

A-10 

(A-23) 

which fixes the position, of C a s  in  the midpoint of rectangle C. 
see that circuits 5 and 7 can be combined to: 

We immediately 

Circuit 8 

and this gives behavior identical to circuit 5.  
6 and 8 give identical behavior insofar as points A and B a re  concerned. 
Hence: 

We now require that circuits 

(A - 24) VA - 113 R2 = Vc 

Vc - II4 R2 = VB 

- 
‘14 - ‘11 

R. 
1 - = vc vD - ‘10 2 

R - = v E  vc - I10 2 

(A-25) 

(A-26) 

(A-2’7) 

(A-28) 

(A-29) 

(A-30) 



VE - Ill R3 = VB 

h." 

! c Now subtract Equation (A-30) from (A-29): 

2vc = VD + VE i 
J 

- 'D + 'E 
vc - 2 

(which would be expected). 
- 1  

i Now substitute Equations (A-28) and (A-31) in (A-34): 

Now w e  use Equations (A-24) through (A-27) with (A-35) to obtain: 

- I R + Vc - Ill R2 +Il1 R3 2vC = V C + 1 9 R 2  9 3 

A-11 

(A-31) 

(A-32) 

(A-33) 

(A-34) 

(A-35) 

(A-36) 

(A-37) 

(A-38) 

which fo r  the most general behavior requires simply that: 

R2  = R3 (A-39) 

This enables us to expand the mesh in one direction (say, for  example, the 
y direction). 
in the other direction (the x direction). 
configurations be equivalent : 

We now must derive a technique that w i l l  enable expansion 
Hence w e  require that the following 

Configuration 4 Configuration 5 
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The equivalent circuits are: I 

Circuit 9 Circuit 10 

Since we a r e  doubling size, and D is to be placed at  the midpoint, there 
results: 

- 3R1 R 2  - - 2 

a s  the requirement that positions point D. Further,  we see that: 

which combine to form: 

3R 
= v *  'A- '1 2 

2vD - I  R = T  2vA 
3 1 1  

2vD 
3 

- -  vA - V g - -  
3 

i-i i 

(A - 40) 

(A-41) 

(A-42) 

(A-43) 

(A-44) 

(A-45) 

(A-46) 
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' I  
1 
i 

*I i 
i 
3 

.A 

3 V g -  VA 
2'  VD = (A- 47) 

which is reasonable weighting and replacing circuit 9 by 10 is therefore 
reasonable. Similar changes may be made if other than doubling of the 
mesh s ize  is desired. 

This academic type discussion indicates that the node interconnection 
problem is more complicated than generglly realized. 
that i f  the rectangular type of coOrdinate system is to be utilized, i t  is going 
to be difficult to obtain suitable expansion factors in  going from one node 
size to another so that suitably sized nodes can be fitted to the different re- 
quirements of the plate edge as compared to the intersection of the plate with 
the thermoelement. 

It further indicates 

It is not absolutely necessary that the electrical  analogy hold identically, 
a s  implied in  the foregoing analysis, 
which come close to representing the oyerall behavior, suitable answers w i l l  
s t i l l  beattained. Such a relaxati in of the qigorousness of the approach is 
commonly utilized, but the authors suspect that the assumptions involved a r e  
not fully understood. 

If Suitable resistances a r e  selected 

One of the basic requirements imposed upon the aqaly'sis w a s  that the 
resulting computer program should be "easy to use". The authors concluded 
ear ly  in the study sf mesh arrangements that the only information necessary 
f o r  general. prescription of the solar  flat plate w a s  the coordinates of the cor- 
ne r s  of the plate and of the thermoelement along with specifications in regard 
to the number of mesh points which should be used. A mesh generation tech- 
nique which was eas ie r  to set  up in a logical manner than the rectangular 
approach just  discussed was therafare desired, 
system w a s  rejected in favor of the cylindrical coordinate system. 

As a result, the rectangular 

The cylindrical coordinate system with, the origin centered a t  the 
thermoelement fi ts  the requirements for  an expanding mesh very nicely. 
width of ' ' rays ' '  close to the thermoelement is small, and increases  with in- 
creasing distance f rom the thermoelement. 
such that an approximately "square" node results allows the automatic gen- 
eration of the desired nodal arrangement. 

A complication with the cylindrical geometry approach that w a s  not 
evident in the rectangular geometry approach is the 'Inon-fit" of the geometry 
to the Chermoelement-plate intersection and to the outside edges of the plate. 
The logic involved in these sections was easier to se t  up thaq w a s  the logic 
involved in generating an  expanding generalized pode system based upon rec- 
tangular geometry. 
for  the calculations. 

The 

Selection of increment s izes  

Cylindrical geometry w a s  therefore selected a s  the basis 
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PRO4 

t PRO4 
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V2=Z(IXX+3044)-+-A*(Z(IXX+3045)-Z(IXX+3044)) 
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